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xalr.  ot^tci  c:'  '.hj.s  rc^-iarc..  .a^  i:i6i  cy  proper  taper: r.^’ 

of  the  circuit  characteristics  of  e  pulsed,  nigh-pover  travelirig-wave  et- 
plifier,  loiig-persisting  piilse-ed£e  cscil-a^i;;.s  cculd  be  successfully 
elimiriated  £-:-yerel  typ's  of  circu.t  •  sp-.ri..e  ;ia'/e  been  considered,  ar.i 
a  particular  one  was  chosen  for  this  c-r-i.-i'-sl  s*  uly  The  type  of  circuit, 
taper,  which  appears  to  have  several  elver.*  sjer  over  others  for  suppress* 
of  pulse-edge  oscillations,  has  both  the  ---oc--  frernency  increesed  ant 
the  phase  velocity  for  the  pesshand  f-ecuercics  decreased  gradually  to  e'-l 
the  output  end  of  the  tube. 

The  effect  of  circuit  tapering  on  fcrvard-wave  amplification  has  u-Sv. 
been  studied.  A  method  was  introduced  for  calculating  the  performance  ux.d 
an  increase  in  gain  was  predicted  for  the  aforementioned  taper  by  this 
method  when  the  tube  was  operated  beyo.nd  the  small-signal  level.  This  ; 
feet  was  also  measured  experimentally  on  a  high-power  tube  constmeted  for 
this  purpose. 

The  effect  of  circuit  tapering  on  tube  efficiency  has  been  studied 
qualitatively.  ?y  using  the  ccxiventlcnal  velocity-phase  diagram,  the  p'''£- 
sibility  of  iii?)roving  the  efficiency  is  i.ndicated.  However,  a  differen* 
kind  of  circuit  tapering  other  than  that  used  for  this  study  is  required. 

Two  versions  of  a  demountable  experimental  tube  with  the  afore.rnem  io:.c 
circuit  tapering  have  been  designed,  buiit,  and  tested.  The  first  vers. or 
of  the  tapered  tube  suffered  a  vacuum  leak,  but  during  its  short  life  perio 
it  proved  to  have  no  pulse-edge  oscillasicns  in  the  tapered  output  sectioc 
of  the  tube,  although  the  forward-wave  gai;.  was  smaller  than  expected. 

Since  the  absence  of  pulse-edge  oscillations  might  possibly  have  been  due 
to  insufficient  gain,  the  tube  was  repaired  and  a  middle  section  was  ad  led 
'  o  increase  the  gain.  The  performance  cf  t.ne  second  version  of  the  tube 
was  good  and  no  pulse-edge  oscillaticr.:  ccu.d  be  feund  which  originated 
the  tapered  output  section.  Under  typical  operatirig  conditions  at  a  bear. 
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voltage  equal  to  120  kV,  the  ■axliman  power  output  was  3  Mf  at  a  mid-band 
frequency  of  3>0  kMc  with  a  3  db  baodvldth  of  12.2^  and  an  effici^cy  of 
26  percent.  The  forvard-vave  gain  had  a  maximum  increase  of  2.3  db  over 
the  small-signal  gain  at  3«06  kMc  as  the  input  power  was  Increased  beyond 
the  small  signal  operation  level.  This  effect  agreed  well  with  the  theo¬ 
retical  prediction;  however,  as  expected,  no  efficiency  iiiq>rovement  was 
evident.  For  hi^^er  voltages,  the  power  output  increased  without  the 
appearance  of  pulse-edge  oscillations  in  the  tapered  output  section,  and 
the  gain  Increase  characteristic  was  still  maintained.  The  bandwidth  and 
the  efficiency  remained  at  the  sane  value  as  that  obtained  at  120  kV  beam 
voltage. 
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CHAPTEB  I 


nrrRODucTiON 

In  the  design  of  pulsed,  high-power  traveling-wave  amplifiers,  the 
pulse-edge  oscillations  occurring  on  the  rising  and  falling  edges  of  the 
voltage  pulse  have  been  one  of  the  most  persistent  problens.  These  oscil¬ 
lations,  in  general,  appear  with  fixed  frequencies  at  the  comparatively 
high  impedance  points  at,  or  near,  the  cutoff  frequencies  of  the  psissband. 
This  is  because  synchronism  between  the  electromagnetic  wave  and  the  elec¬ 
tron  beam  in  this  region  requires  a  b<^am  voltage  considerably  lower  than 
the  normal  operating  values.  Therefore,  under  most  operating  conditions, 
the  circuit  wave  in  this  region  is  not  synchronous  with  the  beam  during 
the  flat  top  of  the  voltage  pulse  unless  the  voltage  is  decreased  pxir- 
posely  to  the  critical  value  for  oscillation.  In  the  transient  region, 
the  leading  and  trailing  edges  of  the  pulse,  the  beam  voltage  sweeps 
from  zero  to  full  operating  voltage  in  a  finite  time  interval  so  the 
critical  conditions  for  start  oscillation  can  be  satisfied  if  the  sweep 
is  sufficiently  slow  to  allow  buildup  to  occur.  If  the  rectified  rf  out¬ 
put  pulse  is  viewed  on  a  scope,  the  oscillations  will  appear  in  the  form 
of  Irregulsu"  pips  on  the  two  sides  of  the  amplified  rf  pulse.  The  tendency 
toward  these  oscillations  limits  the  usable  length  of  the  tube,  and  the 
allowable  gain  and  the  efficiency  of  the  output  section  of  the  amplifier 
will  be  reduced. 

The  nature  of  the  pulse-edge  oscillations  has  been  discussed  in  the 
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literature.  ’  '  ’  The  buildup  of  such  oscillations  could  be  attributed 
to,  at  least,  the  following  kinds  of  beam-wave  interactions.  These  are: 

(l)  Forward-wave  interaction  combined  with  the  high  reflections  at  the 
couplers  at,  or  near,  the  upper  cutoff  frequency  of  the  circuit.  This 
kind  of  oscillation  is  possible  because,  at  the  critical  value  of  beam 
voltage,  the  forward -wave  gain  is  high,  peaking  near  the  upper  cutoff 
frequency,  and  the  reflections  there  are  generally  approaching  unity  such 
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that  the  lcx>p  gain  covilcl  exceed  unity.  (2)  Backvard-vave  oscillations. 

Since  at  the  pulse  edges  the  beam  voltage  sweeps  throu^  the  backward 
space-harmonic  region,  if  the  tube  is  sufficiently  long,  such  oscillations 
are  possible.  For  traveling-wave  tubes  built  for  forward-wave  anq)lificatic« 
the  output  section  is  usually  lorig  enough  to  allow  the  buildup  of  backward- 
wave  oscillations.  (3)  Oscillations  due  to  the  simultaneous  interaction 
with  a  backward- wave  and  a  forward-wavo.  Near  the  circuit  cutoff  frequency^ 
it  is  possible  to  have  such  waves  at  nearly  the  same  phase  velocity  with 
comparable  high  magnitudes  of  interaction  loqtedance. 

Several  ways  of  suppressing  pulse-edge  oscillations  have  been  pro¬ 
posed,  and  some  of  then  have  been  tried.  An  obvious  example  is  that  of 
using  the  grldded  gun,  so  that  the  beam  current  can  be  turned  on  and  off 
after  the  anode  voltage  has  reached  its  operating  value.  However,  in  hi;-h 
power  applications,  the  existing  designs  of  gridded  guns  either  intercept 
scmie  beam  current  which  can  cause  a  serious  heat  dissipation  problem  at 
the  grid  trtien  the  beam  power  is  high;  or  they  have  too  small  a  ratio  of 
beam  anode  voltage  to  the  grid  voltage  such  that  a  large  value  of  grid 
voltage  is  required,  and  as  a  consequence  a  complicated  modulating 
system  is  inevitable. 

In  this  report,  we  shall  consider  another  approach  to  the  solution 
of  this  problem;  the  method  consists  of  tapering  the  circuit  velocity  so 
that  it  is  gradually  decreasing  and  simultaneously  varying  the  dispersion 
characteristic  of  each  section  of  the  tapered  circuit  in  some  prescribed 
fashion.  If  the  tapering  is  proper,  it  will  result  in  a  condition  such 
that  in  the  region  where  oscillation  is  most  likely  to  occur,  all  the 
mechanisms  contributing  to  the  oscillation  are  disrupted,  without  seriously 
deteriorating  the  amplification.  In  other  words,  a  tapered  tube  can  be 
made  longer,  thus  having  higher  gain  but  still  maintaining  good  stability. 

In  fact,  if  the  circuit  tapering  is  also  proper  for  the  normal  ampli¬ 
fication  region  which,  in  general,  lies  in  the  middle  of  the  passband,  the 
electronic  efficiency  as  well  as  the  forward-wave  gsdn  of  the  tube  can  also 
be  enhanced.  This  is  because  a  properly  tapered  slow-wave  structure  pro¬ 
vides  a  better  synchronism  condition  for  high  level  operation  of  the  tube 
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than  that  of  an  untapered  siow*wave  structure.  The  success  of  the  circuit 
tapering  technique  would  result  in  an  output  s -cLior.  long  enoiigh  for  suf 
ficient  gain^  provide  high  electronic  efficiency,  and  the  input  section, 
or  sections,  could  be  short  enough  to  preclude  pulse-edge  oscillations  in 
these  regions  so  that  traveling-wave  tubes  could  be  made  unconditionally 
stable. 

There  are  several  theoreticeLL  approaches  one  can  use  in  studying  the 
effect  of  circuit  tapering.  One  of  these  is  by  extending  the  nonlinear 
analysis  iised  in  the  study  of  the  large-signal  behavior  of  uniform  circuit 
tubes  to  take  account  of  the  circuit  variation  due  to  tapering.  However, 
the  existing  large-signal  theories  consider,  in  general,  one-dimensional, 
Qonrelativlstic,  uniform  circuit  cases  only.  In  some  cases,  large  dis¬ 
crepancies  betwe^  the  calculated  and  experimental  values  of  uniform  cir¬ 
cuit  tube  efficiency  have  been  observed.^  If  more  hypothetical  assijmptions 
were  added  in  order  to  solve  the  effects  of  circuit  tapering,  then  the 
validity  of  the  approach  would  beccxae  questionable.  Furthermore,  a  great 
amount  of  numerical  conq)utation  must  be  performed  before  any  general 
conclusion  on  circuit  tapering  can  be  reached.  If  successful  modification 
were  made  on  the  nonlinear  theory,  such  an  analysis  would  be  excellent 
for  studying  the  effect  of  a  particular  tapered  circuit  but  would  still 
be  iii5)ractic£il  for  the  design  of  a  tapered  traveling-wave  tube.  The  ap¬ 
proach  adopted  here  is  a  simpler  but  approximate  one.  It  is  essentially 
that  of  considering  the  tapered  circuit  as  a  variation  of  uniform  slow- 
wave  circuits;  by  extending  the  theories  and  results  of  the  uniform 
circuit  traveling-wave  tube  the  effect  of  circuit  tapering  can  be  esti¬ 
mated  approximately.  Such  an  approach  may  not  be  a  rigorous  theoretical 
treatment  of  the  problem;  however,  it  provides  a  siii5)le  and  useful  tool 
in  the  design  of  tapered,  pulsed,  high-power  traveling -wave  tubes,  as  well 
as  a  clear  interpretation  of  the  actual  behavior  of  circuit  tapering  on 
the  tube  performance. 

Several  different  types  of  circuit  tapering  are  briefly  considered 
in  Chapter  II,  and  the  one  which  appears  to  have  the  best  chance  of  sup¬ 
pressing  pulse-edge  oscillations  was  chosen  for  use  in  an  experimental 


high-power,  pulsed  traveling- wave  amplifier.  This  taper  results  In  a 
variation  of  both  the  phase  velocity  in  the  passbeuid  and  the  upper  cutoff 
frequency  of  the  passbard  in  a  particular  fashion.  The  amount  of  circuit 
tapering  is  determined  by  the  required  change  in  the  propagation  constant 
necessary  to  ensure  that  the  circuit  wave  is  sufficiently  out  of  synchronism 
with  the  beam  when  the  beam  voltage  sweeps  through  the  possible  pulse-edge 
oscillation  region. 

From  an  equivalent  study  of  voltage  taper  on  uniform  circuit  tubes  by 
Hess^  at  the  University  of  California,  it  is  also  known  that  such  a 
tapered  circuit  is,  at  least,  an  adequate  one  for  forward-wave  interaction. 
His  data  shew  that,  if  starting  from  a  voltage  less  than  the  synchronous 
vcltage,  one  increases  the  dc  beam  voltage  linearly  along  the  length  of 
a  uniform  circuit  tube,  the  output  power  and  efficiency  are  maximized  at 
a  point  where  the  beam  voltage  is  about  l.li  times  the  synchronous  voltage. 
Equivalently,  therefore,  by  slowing  down  the  circuit  phase  velocity  linear¬ 
ly,  it  is  possible  to  obtain  an  enhanced  forward-wave  amplification. 

The  effect  of  circuit  tapering  on  the  amplification  when  the  average 
velocity  of  electrons  in  the  beam  is  decreased  due  to  the  increase  of  in¬ 
put  power  will  also  be  discussed  In  Chapter  II,  and  the  actual  six-cavity 
linear  taper  in  the  experimental  tube  will  be  used  as  an  example  to  illus¬ 
trate  8U1  approximate  method  which  can  give  a  gain  increase  approximating 
the  value  actually  obtained  from  the  experimental  tube.  This  will  be  shown 
in  Chapter  IV  together  with  other  test  results. 

A  qualitative  discussion  of  the  effect  on  efficiency  based  on  Cutler's 

5 

results  will  slLso  be  given  in  the  last  section  of  Chapter  II.  The  mecha¬ 
nism  of  efficiency  improvement  due  to  circuit  tapering  is  also  presented. 

In  order  to  check  the  theoreticsd  predictions,  an  experimental  tube 
was  made  to  evaluate  the  circuit  tapering  effects  empirically.  The  type 
of  circuit  tapering  chosen  in  Chapter  II  was  applied  to  the  clover-leaf 
circuit,  in  which  the  cavity  height  emd  the  size  of  the  apertures  in  the 
coupling  plates  are  gradually  changed  fran  cavity  to  cavity  to  provide 
the  required  changes  in  frequency  emd  in  phstse  constant,  euid  thus,  in  the 
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circuit  phase  velocity.  The  aetaii.  of  tne  design,  as  well  as  the  cold 
circuit  measurements  a;id  smail-sig  .al  parameter  ccmputations  on  the  actual 
experimental  tapered  tube  are  giver,  ir.  C.napter  III. 

T.ce  experimental  taperea  tube  ccr.sistei  of  ti.e  six-cavity  linear  taper 
which  formed  the  leist  six  cavities  at  the  output  end  of  the  tube,  and  of 
other  untapered  cavities  which  formed  the  rest  of  the  circuit  of  the  tube. 
The  tube  was  designed  with  demountable  connections  at  the  severs  which 
divide  the  circuit  into  output  section  and  input  section  or  sections, 
such  that  it  can  be  easily  rebuilt  for  testing  other  tapered  circuits 
in  the  future. 

Results  of  the  experimental  tube  perfonnance  are  given  in  Cnapter  IV. 
It  can  be  seen  that  the  pulse-edge  oscillations  can  actually  be  stopped 
in  the  output  section  cf  the  tube  by  use  of  the  linearly  tapered  circuit. 
The  tapered  circuit  also  shows  a  distinct  effect  on  the  forward-wave  gain; 
it  exhibits  a  sudden  increase  when  the  input  drive  is  sufficient  to  cause 
tne  onset  of  saturation  in  the  beam.  This  effect  agrees  well  with  the 
theoretical  prediction  shown  in  Chapter  II.  However,  as  compared  with 
an  earlier  uniform  circuit  tube  built  with  the  same  uniform  clover-leaf 
structure,  the  efficiency  and  bandwidth  of  the  tapered  tube  seem  to  re¬ 
main  unchanged.  This  is  because  the  experimental  tube  was  purposely  de¬ 
signed  to  have  moderate  circuit  tapering  in  the  forward-wave  amplification 
region;  but  which  was  sufficient  to  suppress  pulse-edge  oscillations. 
Greater  tapering  should  result  in  incriased  efficiency. 


CHAPTER  II 


SOME  THEORETICAL  ASPECTS  OF 
CIRCUIT  TAPERING  IN  TRAVELI!:G-W'A\E  TUBES 


A.  INTRODUCTION 

It  has  long  been  ij^.ovr.  that  by  properly  tapering  the  slow-wave 
structure  of  a  traveling-wave  amplifier  that  the  forward -wave  amplifi¬ 
cation  and  the  efficiency  of  the  tube  might  be  irnproved.  However,  a 
great  part  of  this  chapter  will  be  devoted  to  a  discussion  of  possible 
improvements  in  the  control  of  pulse-edge  oscillations.  This  problem 
of  oscillation  has  long  been  a  persistent  one  in  the  design  of  pulsed, 
high-power  traveling -wave  tubes. 

As  mentioned  in  Chapter  I,  pulse-edge  oscillations  generally  appear 

as  irregular  pips  on  the  leading  and  the  trailing  edge  of  the  pulse  at 

frequencies  near  or  at  the  upper  cutoff  frequency.  For  a  typical  slow- 

wave  circuit  used  in  a  pulsed,  high-power  traveling -wave  amplifier  such 
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as  a  clover- leaf  or  a  centipede  structure,  the  uj-p  diagram  for  the 
amplification  passband  has  a  form  as  shewn  in  Fig.  21.  In  the  trans¬ 
ient  regions  of  the  beam  voltage  pulse  edges,  oscillations  usually 
exist  at  the  heavy  line  region  of  the  a>-p  diagram  in  Fig.  2  1  with 
frequencies  near  or  equal  to  f^  ,  and  with  phase  constant,  p  , 
slightly  less  or  slightly  more  than  n/L  .  This  means  that  pulse-edge 
oscillations  may  exist  in  a  region  extending  from  the  forward-wave  to 
the  backward-wave  space-harmonic  regions. 

To  illustrate  how  circuit  tapering  can  be  used  to  preclude  the 
build-up  of  the  pulse-edge  oscillations  as  well  as  to  improve  the 
forward-wave  amplification,  a  hypothetical  and  simplified  example  will 
be  considered  as  follows.  Let  the  block  in  Fig  2.2  represent  a  tapered 
slow-wave  circuit  which  is  designed  in  such  a  way  that  at  its  output 
end  tne  phase  velocity  of  both  forward -wave  and  baclcward-wave  regions 


-  6  - 


is  decreased  when  one  proceeds  from  left  to  right.  Ass  use  an  electron 
beam  is  passing  through  the  circuit  and  is  also  going  from  left  to  right . 
For  the  purpose  of  simplicity,  only  pulse>edge  oscillations  due  to 
bacViward-wave  interaction  are  considered  to  be  important  in  this  partic¬ 
ular  example.  When  the  input  power  level  is  Increased  beyond  the  level 
for  small  sigr^al  operation,  the  electron  velocity  of  the  beam  becomes 
multivalued,  and  most  electrons  in  the  beam  reach  velocities  at  the  output 
end  of  the  tube  lower  than  the  original  values  at  the  input  er^d  of  the 
tube.  Since  the  phase  velocity  of  the  forward-wave  is  also  decreased  In 
the  same  direction,  the  forward -wave  amplification  will  be  improved  if 
rroner  tapering  is  maintained.  If,  however,  the  phase  velocity  in  the 
backward-wave  region  is  made  to  decrease  more  rapidly  than  that  in  the 
forward-wave  region,  the  electrons  in  the  beam  can  be  made  to  fall  out 
of  synchronism  with  the  backward  wave  when  conditions  are  optimum  for 
forward-wave  amplification.  Therefore,  with  a  single  taper  which  provides 
different  rates  of  velocity  tapering  In  the  forward -wave  and  the  backward- 
■.ave  regions,  the  amplification  and  the  stability  of  the  tube  can  both 
be  improved  simultaneously. 

The  method  adopted  in  this  chapter  in  studying  the  effect  of  circuit 
tapering  is  essentially  an  extension  of  the  uniform  circuit  traveling- 
wave  tube  theories.  These  theories  are  not  applicable  directly  to  the 
tapered  tube  case  because  the  circuit  is  now  no  longer  periodic 
Nevertheless,  if  the  effect  of  each  cavity  in  the  taper  is  considered 
discretely,  then  the  sumnation  of  these  discrete  results  will  give  an 
approximation  to  the  effect  of  the  entire  taper.  For  a  taper  sufficiently 
gradual,  such  an  approximation  should  be  a  close  one.  This  method  is  by 
ro  means  a  rigorous  theoretical  treatment  of  the  problem  of  circuit 
tapering;  however,  it  provides  a  simple  and  reliable  method  for  design 
of  a  tapered-clrcuit,  pulsed,  high-power  traveling-wave  amplifier,  and 
also  indicates  its  expected  performance. 

In  actual  tubes,  oscillations  due  to  other  circuit-beam  interactions 
are  also  important.  In  Section  B  which  follows,  various  types  of  oscil¬ 
lations  as  well  as  the  effect  on  these  oscillations  of  different  kinds  of 
possible  circuit  tapering  will  be  considered  individually 
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The  effect  of  clrCi-it  tapering  on  forward-wave  eunpliflcation,  and 
on  tabe  efficiency,  will  be  discussed  in  Sections  C  and  D,  respectively. 

B.  £FFECT  OF  CIBCaiT  i-.PEPIb’G  ON  THE  PJI£E-EDGE  OSCIIJJiTIONS 

In  tne  earlier  studies  of  uniform  circuit  traveling-wave  tubes,  it 
was  found  thnt  the  pulse -edge  oscillations  generally  appear  with  fixed 
frequency  at,  or  near,  the  upper  cutoff  frequency  of  the  passband  which 
corresponds  to  beam  voltages  lower  than  the  normal  operating  values,  as 
mentioned  in  the  preceding  section  Hence,  the  rf  output  due  to  pulse - 
edge  oscillations  will  not  appear  in  the  region  corresponding  to  the 
flat  top  of  the  beam  voltage  pulse  when  it  is  at  the  rated  voltage,  but 
will  appear  in  the  transient  regions  of  the  rise  and  fall  of  the  voltage 
pulse.  Therefore,  these  two  irregular  pips  occur  where  the  beam  voltage 
is  proper  for  the  electron  beam  velocity  to  be  synchronous  with  the  rf 
circuit  wave  velocity  as  the  voltage  sweeps  from  zero  to  the  normal 
operating  value. 

The  dynamics  of  such  oscillations  are  rather  complicated.  However, 
it  has  been  found  that  they  may  at  least  be  caused  by  the  following 
three  kinds  of  beam-wave  interactions.  They  are-  l)  forward-wave 
interaction  combined  with  the  high  reflections  at  the  couplers  at,  or 
near,  the  upper  cutoff  frequency  of  the  passband;  2)  backward-wave 
interaction;  and  3),  simultaneous  interaction  of  both  the  forward-wave 
and  backward-wave  spatial  harmonics.  More  details  of  these  interactions 
as  well  as  the  effect  of  circuit  tapering  on  each  of  them  will  be  given 
in  later  parts  of  this  chapter. 

First  of  all,  let  us  consider  the  means  of  tapering  the  slow-wave 
circuit  of  a  traveling-wave  tube  and  the  classification  of  these  tapers. 
One  may  wish  to  classify  them  according  to  their  effects  on  the  circuit 
characteristics.  Thus,  according  to  the  change  in  phase  velocity, 
interaction  impedance,  etc. ,  thfit  they  introduce,  they  are  known  as 
ve locity- taper ,  Impedance- taper,  etc.  They  can  be  subgrouped  further 
according  to  the  manner  in  which  the  circuit  parameters  change  from 
cavity  to  cavity  along  the  taper:  thus  we  might  have  the  linear  velocity- 
taper,  exponential  impedance -taper,  etc.  On  the  other  hard,  in  the  study 
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of  their  effects  on  suppressing  the  lulse-edge  oscillations,  the  change 
of  the  final  dispersion  characteristics  with  respect  to  the  original  one 
is  of  ioportance.  Ifence,  one  classify  them  accordingly.  Several 
possible  types  of  tapers  are  shown  in  Figs.  2.3  to  2.6.  Tliey  tire 
classified  by  their  final  changes  with  respect  to  the  original  character¬ 
istics  and  will  be  referred  to  as  different  tapering  scheines  hereafter. 

As  in  the  study  of  uniform  circuit  traveling-wave  tubes,  the  use 
of  a>-3  diagrams  of  the  slow-vave  structures  facilitates  the  aider¬ 
standing  of  the  beam-wave  interaction.  Furthermore,  some  of  the  effects 
of  circuit  tapering  can  readily  be  visualized  from  such  diagrams. 

Figure  2.3  shows  the  a>-p  diagram  of  a  simple  velocity  taper.  The  curve 
labeled  "output"  is  that  which  would  be  obtained  from  a  circuit  of 
identical  cavities  of  the  final  length  ,  and  the  same  coupling 

aperture  dimensions  as  that  of  the  last  cavity  of  the  tapered  ctiain.  In 
the  actual  taper  several  intermediate  cavities  will  exist,  haviig  lengths 
and  apertvire  dimensions  between  those  of  the  two  extremities.  These 
lengths  and  aperture  dimensions  are  all  slightly  different  and  the  cujrves 
for  structiires  oomprlsed  of  identical  cavities  of  these  intermediate 
lengths  wotild  lie  somewhere  between  the  two  limiting  curves  shown.  The 
lower  cutoff  frequency  of  the  amplification  passbemd  for  this  particular 
taper  as  well  as  for  other  types  of  tapers  considered  in  this  chapter 
will  be  assumed  to  have  a  fixed  value  throughout  the  taper.  The  reason 
for  tills  assumption  is  simply  that  tapering  of  the  lower  cutoff  region 
will  not  affect  the  pulse-edge  oscillations  which  generally  exist  at  the 
opposite  end  of  the  passband.  Any  alteration  of  other  tube  characteristics 
to  bring  about  changes  at  the  lower  cutoff  will  increase  the  difficulty  in 
identifying  the  effects  of  circuit  tapering  on  the  pulse-edge  oscillations. 
Therefore,  it  is  preferable  to  have  a  relatively  small  amount  of  circuit 
tapering  in  the  forward -wave  region  by  keepiiig  the  lower  cutoff  frequency 
unchanged.  Besides,  the  following  discussions  of  pulse-edge  oscillations 
will  not  lose  their  generality  with  this  assumption  of  fixed  lower  cutoff 
frequency.  It  can  be  noted  from  Fig.  2.3  that  the  upper  cutoff  frequency, 
or  the  x-mode  frequency,  of  the  passband  remains  unchanged  for  this  scheme 
of  straight  velocity  taper.  It  will  be  shown  later  that  such  a  scheme  is 
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FIG.  2.3— oj-p  diagram  showing  straight  velocity  taper. 


FIG, 


2.4-avp  diagrams  showing  velocity  and  frequency  taper  vi  .h 
upper  cutoff  frequency  decreasing  with  velocity  decrease. 
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/.  2.5 — (0-P  diagram  showing  velocity  and  inverse 
frequency  taper. 


.  2.6 — co-P  diagram  with  frequency  taper  only. 


not  effective  in  suppressing  the  type  of  pulse-edge  oscillation  due  to 
forward-wave  interaction  and  high  reflection  Also,  if  the  cavity 
lengths  are  not  varied  drastically,  the  tapering  in  phase  velocity  for 
the  bacitvard-vave  spatial  tAracr.ic  region  Is  not  as  large  as  with  other 
types  of  circuit  tapering,  such  as  the  one  shown  in  Fig.  2.5-  Obviously, 
tlien,  this  scheme  is  nor  the  nxDst  desirable  one. 

If  tapering  is  achieved  by  varying  the  upper  cutoff  frequency  of  the 
passband  as  well  as  the  sectic:;  lengths,  then  two  ether  types  of  taper 
can  be  obtained,  such  as  shown  in  Figs.  2,*.  and  2.5-  In  Fig.  2.1,  the 
"output"  curve  has  a  lower  upper  cutoff  frequency  than  that  of  the  ''Ir.rur 
curve  If  the  output  coupler  is  matched  to  the  last  cavity  of  the  tape.’-, 
this  means  that  the  usable  bandwidth  of  the  tapered  circuit  will  be  less 
than  that  of  the  untapered  one.  Such  a  change  certainly  is  not  ieEirehle 
as  far  as  the  amplification  bandwidth  is  concerned  Furthermore,  for  '"re 
same  length  cf  ,  it  can  be  seen  that  the  phase  velocity  taperirg  :r 

the  backward-wave  region  is  even  smaller  than  that  shown  in  Fig  2.3 
On  the  other  hand,  the  tapering  scheme  shown  in  Fig.  2.5  has  an  upper 
cutoff  frequency  for  the  "output"  curve  higher  than  that  of  the  "input" 
curve.  This  type  of  taper  not  only  has  a  usable  bandwidth  equal  to  that 
of  the  untapered  circuit,  but  also  has  a  larger  velocity  tapering  in  the 
backward-wave  region  than  that  of  Fig.  2.3.  In  addition,  it  is  capable 
of  suppressing  pulse-edge  oscillation  due  to  forward-wave  interaction 
and  high  reflections  The  reason  for  this  effect  will  be  shown  in  detail 
in  a  later  section-  It  is  therefore  believed  that  this  type  of  tapering 
\7ill  be  the  most  effective  one  for  suppressirg  pulse-edge  oscillations: 
there  are  also  possibilities  that  it  will  enhance  the  forward-wave 
amplification 

Another  type  of  circuit  taperirg  can  be  obtained  by  decreasing  the 
upper  cutoff  frequency  of  the  passband,  but  keeping  the  cavity  lengths 
of  each  cavity  in  the  taper  constant  The  a>-b  diagram  of  this  type  of 
tapering  is  shown  in  Fig.  2.6.  It  can  be  readily  seen  that  the  velocity 
change  with  the  tapered  circuit  in  the  backward-wave  region  is  in  the 
opposite  direction  compared  to  that  of  other  tapering  schemes.  Hence, 
as  far  as  bac.:vard-wave  oscillation  is  concerned,  this  type  of  tnrcT- 
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could  be  effective  since  the  circuit  phase  velocity  can  be  changed  rapidly 
enoiigh  In  this  region  to  prevent  synchronism  between  it  and  the  electron 
beam.  However,  this  scheme  has  two  serious  shortcomings  which  exc-’<de 
it  from  being  useful  in  a  tapered  amplifier  Firstly,  for  frequencies 
lying  between  the  upper  cutoff  of  the  "input"  and  "output"  curves  iu 
Fig.  2.6  such  as  indicated  by  the  straight  line  marked  "a,"  complete 
reflection  exists  in  the  taper  Therefore,  forward -wave  oscillation  may 
still  exist  if  the  net  loop  gain  is  greater  than  unity-  Secondly,  in  the 
same  way  as  the  scheme  shown  in  Fig,  2.U,  the  "output"  curve  • ossesses  less 
bandwidth  than  that  of  the  "input"  curve.  Therefore,  a  tube  with  such  a 
*  ' -ered  circuit  will  have  less  usable  bcuidwidth  for  amplification  th^an  the 
untapared  tube,  thereby  rendering  the  circuit  less  desirable 

The  effects  of  the  above  types  of  circuit  tapering  on  the  pulse-edge 
oscillations,  which  are  classed  according  to  the  mechanisms  which  might 
possibly  cause  them,  will  be  discussed  in  more  detail  in  the  following 
sections 

1.  Effect  of  Circuit  Tapering  on  Pulse-edge  Oscillations  due  to 
Forward-wave  Interaction  and  High  Reflections 

2 

studies  of  the  uniform  circuit  traveling-wave  i  .v,-,  3ould 
sj..  2u  by  considering  the  presence  of  two  spatial  harmonics  near 

the  edge  of  the  eunplification  passband,  a  gain  peak  can  be  found  to  occur 
near  the  upper  cutoff  frequency  for  beam  voltages  lower  than  those  for 
normal  maximum*  bandwidth  operation.  This  phenomenon,  as  can  be  seen  from 
the  dispersion  characteristics  of  the  slow-wave  structure,  is  due  to  the 
fact  that  the  electron  beam  at  these  voltages  is  more  nearly  in  synchronism 
with  the  wave  at  those  frequencies  than  it  is  at  higher  beam  voltages,  and 
that  the  circuit  interaction  impedance  is  very  high  at  these  frequencies. 
Under  normal  operation  conditions,  if  the  beam  voltage  of  the  tube  is 
pulsed,  the  flat  top  of  the  pulse  corresponds  to  the  operating  voltage  too 
high  for  synchronism  at  these  frequencies,  whereas  at  the  pulse-edges,  the 
beam  voltage  sweeps  through  this  frequency  region,  giving  rise  to  high  peaks 
of  tube  gain.  On  the  other  hand,  the  reflection  coefficients  from  the 
Junctions  between  the  slow-wave  structure  and  the  uniform  wave-guiding 
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syatea,  euch  as  coaxial  line,  waveguide,  etc.,  are  necessarily  approaching 
unity  at  these  frequencies  Because  of  the  rapidly  changing  characteristic 
impedance  of  the  slow-wave  structure  as  a  functior.  of  frequency  near  the 
cutoff  frequencies  of  the  passcand,  it  is  in  general  impossible  to  match 
this  impedance  well  to  the  slowly -varying  impedance  of  the  uniform  wave- 
gui  ding  system  except  at  spot  frequencies.  I>ue  to  the  peak  of  the  tube 
gain  and  the  high  reflections  at  the  junctions,  oscillation  at  these 
frequencies  is  Inevitable  for  tubes  with  reasonable  amounts  of  mid-band 
frequency  amplification. 

The  starting  condition  for  such  oscillations  is  tnat  the  loop  gain 
should  greater  than  unity,  vio-. 


"fS  ‘'in'  " 


P,,.* 


> 


(2.1) 


where  Is  the  net  gain  in  the  forward  direction,  i  e.,  in  the 

direction  of  electron  motion:  is  the  net  attenuation  of  the 

b 

reflected  wave  in  the  backward  direction,  i.e.,  in  the  direction 
opposite  to  that  of  electron  motion;  is  the  reflection  coefficient 

at  the  inijut  end  of  the  tube,  or,  if  only  the  output  section  of  a  severed 
tube  is  considered,  it  is  the  reflection  coefficient  from  the  sever;  and 
^out  reflection  at  the  output  end  of  the  tube,  or  from  the  sever 

if  only  the  input  section  of  the  tube  is  considered.  Therefore,  for  a 
tapered  tube  to  be  effective  in  suppressing  this  type  of  oscillation,  the 
left  hand  side  of  Eq.  (2.l)  must  be  reduced  to  less  than  unity;  and,  at 
the  same  time,  the  mid-band  frequency  amplification  should  be  of  the  same 
order  as  the  untapered  tube  of  the  same  length 

The  tapering  scheme  shown  in  Fig.  2.5  will  first  be  considered,  The 
"output"  dispersion  characteristic  of  this  scheme  has  an  upper  cutoff 
frequency  higher  than  that  of  the  'input''  characteristic,  as  well  as 
larger  values  of  propagation  phase  constant,  &  ,  for  constant  frequencies 

A  realistic  example  of  this  scheme  is  shown  in  Fig.  2.7  which  is  actually 
measured  from  a  slx-cavlty  linear  taper  built  for  empirical  evaluation  of 
circuit  tapering,  as  discussed  in  Chapter  III  For  such  a  tapering  of  the 
dispersion  characteristic,  the  corresponding  change  in  interaction  impedance 
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FIG.  2.7--Mea8ured  frequency  vs  circuit  propagation  constant,  P  of  the 
first  and  the  last  cavities  of  the  linear  taper. 


circuit  neasurener's . 


Figure  2.8  shows 
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can  also  be  ottained  fros  ''ccl  i" 

the  values  tne  cube  root  of  Pierce  s  interaction  impedance, 

■'O'n'uted  fro^:  f’*eciue‘'cy  'er^'^'raTicr-  results  described 
in  Chapxer  III  as  ''cn'tlon  of  rhas?  ccnctar.t,  5  This  factor  is 
directly  proportional  tc  Pierce's  small  signal  parameter  'C  '  given  by 
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where  E  is  the  axial  E-field.  P  is  the  xxDver  flow,  i.e.,  P  =  Wv 

g 

W  is  tne  storel  energj'  per  unit  lerjgth,  is  the  group  velocity, 

and  I..,  V„  are  the  dc  ceaa  current  and  voltage,  respectively.  It  can 
be  seen  from  Fig.  2.6  that  for  this  particular  taper,  the  value  of 
(E'/Pp^?)^^ '  ,  and  therefore  "C"  for  a  given  beam,  is  changed  only  by 
a  small  fraction  for  mid-band  amplification  frequencies.  However,  near 
the  upper  cutoff  frequency  of  the  untapered  cavities  where  the  pulse- 
edge  oscillation  generally  exists  in  uniform  circuit  tubes,  the  values 
of  these  parameters  are  decreased  drastically  in  the  tapered  cavities 
ior  coth  forward  and  backward  spatial  harmonics.  In  addition  to  chis, 
the  propagation  constant,  p  ,  as  can  be  seen  from  Fig.  2.7,  is 
increased  successively  in  the  taper  from  the  "input"  to  the  "output" 
values.  This  means,  for  certain  beam  voltages,  the  synchronism  condition 
prevails  only  at  frequencies  near  the  upper  cutoff  of  the  ’’input"  curve, 
and  the  gain  becomes  less  and  less  as  one  proceeds  toward  the  output  end 
of  the  tube  along  the  taper.  Therefore,  the  net  tube  gain,  ,  which 

is  usually  high  in  the  uniform  circuiv  case  at  frequencies  near  the  upper 
cutoff  will  be  low  if  the  taper  is  properly  designed. 

In  other  words,  due  to  the  small  value  of  G^  ,  the  left  jiar.d  side 
of  Eq.  (2.1)  can  be  made  to  be  less  than  unity  over  the  entire  amplifi¬ 
cation  band.  This  is,  of  course,  impossible  to  achieve  in  a  uniform 
circuit  tube  with  the  same  order  of  mid-band  frequency  amplification 

When  the  tube  is  tapered  in  the  fashion  described  in  the  previous 
paragraphs,  and  the  taper  is  located  at  the  output  end  of  the  t^te,  the 
output  coupler  is  connected  directly  to  the  last  cavity  of  the  taper 
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(EV2^  P) 


FIG.  2.8--Cube  root  of  Pierce  impedaace ,  (E‘’/23‘^P)  '  vs  circuit  propagation 
constant  3  of  the..first  at)d  thr  last  cavities  of  the  linear 
ta  er  where  C  =  (E‘^/2'^^P)V  3 .  and 
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vhioh  hHS  E  d;speri=ion  charac*er Istlc  a£  the  ’o-itput"  curve  shovn  in 
Fir  A'*  frequencies  near  or  at  the  untapered  upper  cutoff,  i  e  , 

t!''=  •-  -  - cf  the  "input"  curve,  ihe  ruitching  of  circuit  impedance 

letween  t^e  ouf-ut  coupler  and  tlie  slow- wave  structure  can  be  improved. 

This  i~.  because  the  variation  with  frequency  of  the  characteristic 
irpcbir.ce  t:;e  last  tapered  cev'ity  at  these  frequencies  is  now  a  more 
slowly  f u:iction  than  that  of  the  -untapered  cavities,  and  sore 

■learl:  itches  tr.e  slow  variation  with  frequency  ol  the  output  waveguide 

impedance  Ii.  other  words,  the  taper  behaves  like  an  impedance  trans- 
■’orcer  hence  ♦'c  val-.e  of  the  left  hand  side  of  Sq  (2  l)  car.  be 
f-.rth-  ’et.  e  ’’-e  to  this  decrease  of  reflection  coefficient  frcz.  the 
nu'p--'’'  .  e  ,  tie  lactcr  of,.,  is  reduced 

■“h-  sin  I'^nucus  reduction  of  both  0,,  and  is  the  --r.iaue 

■"eat  ..-v  of  tl’-s  ]  art.icular  taperir^g  scheme.  Physically  this  is  d-ue  to 

the  ci!r.ulta.;ec -.1  '..•.crease  of  the  upper  cutoff  frequency  and  the  decre-ase 

of  the  cavity  length  as  one  proceeds  from  the  beginning  to  the  end  of 

the  taper  Therefore,  for  frequencies  near  that  of  the  upper  cutoff  of  the 

"input"  curve,  one  can  see  from  Fig.  2.5  that  in  addition  to  the  increase 

of  c  in  the  tapered  cavity,  the  group  velocity  will  increase  succes- 

s'ively  from  the  ‘input"  to  the  "output"  curve  Furthermore,  due  to  the 

char.ge  of  the  circuit  dimension,  the  E“/W  will  also  decrease  slightly 
2  . 

from  the  E  /W  value  of  the  untapiered  cavities.  Then,  from  Eq  {2  2), 
it  follo’ws  inimeaiately  that  C  for  the  tapered  cavities  will  be  less 
^har  that  of  the  original  untapered  cavities  for  these  frequencies  and 
since  other  tune  p.'^rameters  change  only  moderate.ly ,  the  small  signal 
forward-vave  ga.n  at  these  frequencies  for  a  properly  designed  taper 
will  be  smaller 

For  other  taperir.g  schemes,  the  capability  of  suppressing  this 
type  of  pulse-edge  oscillation  is  considerably  less  than  that  considered 
above  The  main  reason  is  that  the  upper  cutoff  frequency  of  these 
♦ypes  of  tapers  is  either  kept  unchanged  throughout  the  taper,  or  Is 
changed  to  values  lower  than  that  of  the  untapered  case.  Therefore,  at 
frequencies  where  the  gain  peak  usually  exists  in  the  untapered  ^ube, 

‘'•f  r^-.'ictio’  in  interaction  impedance  is  much  less  than  in  tra  ‘'cheme 

I 


Q  . 


discussed  abc^e,  ana  tne  reflections  froiL  tr*e  output  coupler  are  either 
the  sau&e  or  worse  than  in  the  uniform  circuit  case 


For  instance,  ore  can  easily  observe  frort  Fig  c.3  tnat  any  frequency 
on  the  ur.taier€i>  a  s.srer^i.'n  characteristic:  or  the  "rrpi.n"  curve  in  the 
fit.xre  will  sairtn,:.  -slative  value  with  resp«ect  to  the  upper  cutoff 
frequency  throughout  the  taper  In  other  words,  frequencies  corresponding 
to  the  high  interaotior  irr.pedance  points  r-ear  tre  upper  cutoff  frequency 
will  always  correspona  to  high  impedance  points  in  the  successive  tapered 
cavities.  The  only  difference  between  this  a.nd  an  ur.tapered  circuit  is 
the  change  in  thase  constant,  p-  .  For  a  given  frequency,  this  also 
T.eans  a  c.nange  in  cinc..it  pinase  velocity  Sven  if  such  a  taper  could  he 
made  to  suppress  csci iistio.n  at  small  signal  levejc  by  castically  char.gir.g 
the  phase  constant,  such  that  the  circuit  wave  and  t!.e  cearr.  fall  out  of 
synci^ro.ul sm,  the  tune  might  still  oscillate  at  nig.n  rf  levels,  reca.se  at 
high  level  operation  a  large  portion  of  the  electrons  Ir  the  beam  will  have 
lower  velocities  near  the  output  end  of  the  tube  tlan  at  the  inpit  end,  and 
the  taper  at  t.he  outp’ut  end  of  the  tube  provides  hign  interaction  impedance 
vi th  successively  slower  phase  velocities.  Therefore,  synchronism  may 
always  be  go*^  at  high  levels,  and  reflection  from  the  output  coupler  is 
always  high  since,  as  can  be  seen  from  earlier  discussions,  nothing  has  been 
dune  to  Improve  matching  by  this  tapering  method 

It  can  also  be  seen  from  Fig.  2-3  that  the  group  velocity  for  fre¬ 
quencies  .near  the  upper  cutoff  is  essentially  the  same  for  all  tapered 
cavities  Hence,  the  only  possible  way  to  reuuce  the  interaction  impedance, 
viz  E  )  ,  near  the  upper  cutoff  frequency,  is  by  reducing  E  /W 

and  increasing  P  ,  both  of  which  require  changes  in  cavity  dimensions 
Upon  comparing  this  scheme  to  the  one  shown  ir.  Fig.  2-5,  it  is  seen  that  for 


the  same  frequency  range,  the  group  velocity 


V 

g 


increases  with  distance 


along  the  taper  in  Fig.  2.5,  instead  of  just  remainifig  unchanged  throughout 


the  taper  as  in  Fig  S3-  Therefore,  for  the  same  amount  of  impedance 


reduction,  the  circuit  dimensions  must  be  changed  much  more  in  the  scheme 


sho'wn  in  Fig.  2.3  than  in  that  shown  in  Fig  2  5  Clanging  the  circuit 


iimensions  to  provide  a  large  increase  in  the  value  of  p  will  normally 
red;ice  the  quantity  E"/W  This  reduction  in  tne  value  of  E^/W  in  the 
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high  frequency  range  will  also  result  in  a  reduction  of  this  quantity 
at  mid-frequency,  and  so  deteriorate  amplification.  This  deterioration 
is,  of  course,  undesirable.  Therefore,  for  the  same  aaoimt  of  ciixuit 
tapering  in  the  mid-band  frequency,  the  scheme  shown  in  Fig.  2.^  is  more 
effective  than  the  one  shown  in  Fig.  2.3. 

Other  tapering  schemes  such  as  shown  in  Figs.  2.k  and  2.6  can  readily 
be  seen  to  be  deleterious  to  the  forward-wave  amplification  in  addition  to 
their  ineffectiveness  in  suppressing  prulse-edge  oscillations.  This  is 
because  both  of  these  types  of  tapers  have  an  upper  cutoff  frequency  for 
the  "output"  curve  less  than  that  of  the  "input"  curve.  Therefore, 
contrary  to  the  situation  in  the  tapier  of  Fig.  2.5  discussed  earlier,  the 
output  coupler  in  these  cases  can  only  be  matched  to  the  slow-wave  structure 
in  a  narrower  frequency  interval  than  that  of  the  untapered  case,  or  the 
usable  bandwidth  for  anq)llficatlon  of  the  tapered  slow-wave  structure  is 
decreased  to  that  of  the  "output"  curve  shown  in  these  figures. 

The  effect  of  these  tapers  on  pulse-edge  oscillations  can  be  readily 
seen  from  the  u>-p  diagrams  of  Figs.  2.4  and  2.6.  For  frequencies  lying 
between  the  upper  cutoff  of  the  "input"  and  that  of  the  "output"  curves, 
complete  reflection  exists  somewhere  in  the  middle  of  the  taper  since  the 
upper  cutoff  frequency  of  the  tapiered  cavities  is  decreased  successively 
along  the  taper.  When  this  complete  reflection  exists  at  the  beginning  of 
the  tai)er,  such  as  for  frequencies  very  near  the  "inpnit"  upp)er  cutoff 
frequency,  the  tube  may  not  oscillate,  if  the  gain  prior  to  the  reflection 
is  sufficiently  small  to  insure  that  the  left  hand  side  of  Sq.  (2.1)  is 
less  than  unity.  However,  if  the  complete  reflection  exists  near  the 
output  end  of  the  tap)er,  such  as  for  the  frequency  range  just  a'oove  the 
upper  cutoff  frequency  of  the  "output"  curve,  the  interaction  impedance 
will  also  become  higher  as  one  approaches  the  position  of  complete  reflec¬ 
tion,  and  oscillations  may  exist.  The  reason  for  this  increase  in  inter¬ 
action  impedance  can  easily  be  seen  from  the  following  conoidemtion. 

Let  us  canpare  these  schemes  shown  in  Figs.  2.4  and  2.6  with  those  shown 
in  Fig.  2.5  which  is  the  same  as  in  Figg.  2.7  and  2.8.  In  the  fonner 
methods,  the  upi)er  cutoff  frequency  is  decreased  gradually  and  so  is  the 
group  velocity.  Hence,  for  the  schemes  given  in  Figs.  2.4  and  2.6,  one 
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starts  from  a  low  impedance  point  and  proceeds  gradually  to  the  high 
impedance  points  when  approaching  the  high  reflection  This  is  contrary 
to  the  situation  shown  in  Fig  2.5-  Therefore,  even  tho’jgh  6  is 
increased,  one  would  still  expect  the  forward-wave  gain  prior  to  the 
reflection  to  be  high  The  oscillation  situation  in  the  tube,  or  in  the 
output  section  if  only  this  section  is  under  consideration,  will  be  as 
tai  as  in  the  un tapered  tube  case.  Furthermore,  at  lower  frequencies 
.just  below  the  upper  cutoff  frequency  of  the  "cucput"  curve,  the  tube 
may  also  oscillate,  since  at  these  frequencies,  the  interaction  impedance 
Increases  rapidly  when  one  proceeds  from  the  first  to  the  last  cavity  in 
*he  taper,  and  the  reflection  at  the  output  coupler  is  also  high. 
Nevertheless,  in  a  uniform  circuit  amplifier,  the  tube  is  expected  co  be 
stable  at  this  frequency,  so,  in  this  respect,  the  taperea  tube  is  even 
worse  than  the  untapered  one.  Therefore,  it  is  concluded  that  to  suppress 
pulse-edge  oscillations  which  might  be  due  to  a  combination  of  forward- 
wave  interaction  and  high  reflections,  the  taperir.g  scheme  shown  in 
Fig  2.5  will  be  most  effective. 

2.  Effect  of  Circuit  Tapering  on  Pulse-edge  Oscillation  due  to 
Backward-wave  Interaction 

As  mentioned  previously,  a  severed  tube  may  consist  of  several 
isolated  sections-  Since  the  input  section,  or  sections,  of  a  tube  can 
be  made  short  enough  to  prevent  backward -wave  oscillation  in  itself,  the 
problem  is  reduced  to  considering  the  stability  of  the  output  section  of 
the  tube  only.  In  a  tapered  tube,  the  output  section  consists  cf  a  jx)rtion 
^f  uniform  cavities  and  a  taper  at  the  output  end  connected  directly  to  the 
output  coupler  of  the  tube.  Therefore,  as  far  as  baclcward-wave  oscillations, 
which  have  an  inherent  feedback  mechanism,  are  concerned,  the  portion  of 
untapered  cavities,  if  sufficiently  long,  may  oscillate  independently  from 
the  tapered  region  For  this  case,  the  situation  is  no  different  from  that 
of  a  uniform  circuit  tube,  and  the  analysis  for  uniform  circuit  backward- 
wave  oscillators  can  be  applied  directly.  However,  the  entire  output  section 
may  also  oscillate  compositely;  then  the  uniform  circuit  analysis  can  provide 
no  usable  results  since  the  periodicity  requirements  necessary  for  the  anal¬ 
ysis  are  no  longer  fulfilled  in  the  tapered  region 
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It  can  be  seen  from  the  simplified  picture  shown  in  Fig.  2  9>  which 
is  an  analog  to  the  one  cited  in  Heffner's^  article,  that  for  backward- 
wave  csclllation  to  exist  the  following  basic  conditions  must  hold, 
namely:  l)  the  total  phase  shift  around  the  loop  should  be  an  Integral 
number  of  cycles,  i.e.. 


6  -  =  (2n  +  l)it  ,  (2.3) 

where  0  is  the  total  phase  shift  along  the  tapered  circuit,  is 

the  electron  phase  constant,  L  is  the  length  of  the  interaction  region, 
£ind  n  is  an  integer,  i.e.,  n  =  1,2,3,-..-^  and  2)  the  loop  gain  must 
exceed  unity.  Because  of  circuit  loss  and  the  inefficiency  of  the  energy 
conversion  process,  a  certain  amount  of  gain  is  necessary,  since  the  gain 
per  electron  wavelength  is  proportional  to  C;  this  meems 

CN  =  Constant,  (2.^) 

where  N  is  the  total  number  of  electron  wavelengths  in  the  tube. 

In  the  slow-wave  circuit  generally  used  in  a  high-ix>wer  traveling- 
wave  amplifier,  strong  coupling  exists  between  cavities.  Hence,  when 
the  circuit  is  tapered,  the  change  in  field  quantities  will  be  a  nearly 
continuous  function  of  distance  along  the  taper,  although  the  dimensions 
of  cavities  are  changed  in  discrete  steps.  In  any  differential  distance, 
dz  ,  along  the  tajjer,  all  dynamic  equations  used  in  the  uniform  circuit 
case  still  apply,  but  the  solutions  can  no  longer  be  assumed  to  have  the 
form  of  e  since  the  circuit  is  no  longer  periodic.  Instead  of 
considering  the  field  in  the  taper  to  be  changed  continuously,  one  can 
approximate  it  by  a  field  varying  in  a  step  fashion,  such  as  that  shown 
in  Fig.  2.10.  Then,  in  the  region  of  each  step,  one  can  apply  the 
uniform  circuit  analysis  as  if  it  were  a  section  of  uniform  circuit  tube 
and  sum  these  individual  results  to  obtain  an  approximation  to  the  actual 
solution  of  the  tajaered  tube. 

The  validity  of  this  approximation  will  depend  Iiargely  on  the  manner 
in  which  the  slow-wave  circuit  is  tapered.  For  a  small  and  gradual  taper. 
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FIG.  2.9 — The  feedback  loop  of  a  tapered  backward- 
wave  tube. 
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FIG.  2. 10--Scheinatlc  diagram  of  atep  approximation  pror'es:. 
where  i  indicates  the  step  number. 
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this  approxioation  will  certainly  be  a  close  one,  and  the  results  of 
uniform  circuit  analysis  can  be  vised  without  giving  serious  error. 

The  six-cavity  linear  taper  cited  in  Section  1  with  characteristics 
shown  in  Figs.  2.7  and  2.6  will  again  be  used  to  illustrate  this  approxi¬ 
mation  process.  A  tapered  output  section  of  the  tube  is  assumed  to 
consist  of  an  untapered  portion  of  five  untapered  cavities  in  addition 
to  the  above-mentioned  six-cavity  linear  taper.  Since  the  total  increase 
in  cutoff  frequency  through  the  six  tajjered  cavities  is  only  100  Mc/s 
for  a  mid-band  frequency  of  3000  Mc/s,  and  total  section  length  decrease 
is  l/8  inch,  which  is  only  l6.7Jb  of  the  original  value,  the  taper  Is 
considered  to  be  sufficiently  small  and  gradual  for  the  approximate 
analysis  to  hold.  To  make  the  above  step  approximation,  the  length  of 
each  step  can  be  arbitrarily  chosen;  however,  for  convenience,  the  length 
of  each  step  is  assvuned  to  be  the  seune  as  the  length  of  each  tapered 
cavity. 

In  order  to  compare  with  the  ’intapered  case,  a  uniform  output  section 
consisting  of  untapered  cavities  having  the  same  total  length  as  the  output 
section  of  the  tapered  amplifier  is  first  considered.  By  employing 
Johnson 's^^  numerical  results,  cknd  assimlng  an  electron  beam  with  a  mlcro- 
perveance  of  2,  the  actual  value  of  CN  of  the  untapered  output  section 
is  normalized  to  the  start  oscillation  value,  CN  .  ,  computed  for  the 

S  V 

actual  amount  of  phase  difference,  (6  -  6  )L  ,  along  the  circuit,  where 

e 

P  is  the  circuit  phase  constant  and  L  is  the  length  of  the  output  section. 
The  normalized  results  are  plotted  in  Fig.  2.11,  which  shows  that  an 
untapered  output  section  with  the  same  length  as  the  tapered  output  section 
will  oscillate  at  frequencies  above  3255  Mc/s,  since  CN/CN^^  Is  larger 
than  unity  for  those  frequencies.  It  can  also  be  seen  from  thi.s  figure  that 
for  the  six-cavity  linear  taper,  this  value  is  reduced  to  below  0.75  for 
these  frequencies.  Therefore,  the  tube  will  be  stable  after  tapering. 

The  starting  condition  for  the  tapered  output  section  is  obtained  from 
the  approximation  process  outlined  above,  which  is  equivalent  to  defining 
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PIG4  2. 11* -Normalized  CN  of  an  output  section  consisting  only  of  an  untapered  section  and  a  tapered 
output  section  with  respect  to  the  start  oscillation  value  as  a  function  of  frequency. 


o 


an  equivalent  uniform  circuit  to  have 


CN  =  )  c.N, 

L  I  1 


11 


(Be,  -  ^  e,. 

1 


'  r  B/',  -  B.i-  , 


(2.5) 


Where  i  1,^,3, .,.11  indicates  the  step  number,  or  in  the  present 
case,  the  cavity  .number  in  the  eleven-cavity  output  section,  ^  is 
the  length  of  each  step,  and  L  is  the  total  length:  ^ 


11 


=  )  1. 


eq 


■  a -A 


(2.6) 


Therefore,  one  car.  find  the  value  of  CN^^,  froo,  the  actual  value  of 

phase  difference.  I.c  this  exaaple,  the  CH^^,  van  found  from  the  phase 
difference. 

I>uring  this  approximation  process  It  uas  found  that  the  relatively 
lev  value  of  CN  for  the  tapered  output  section  Is  achieved  m  lert  by 
the  decrease  In  C  and  In  part  by  the  change  In  circuit  phase  velocity 
in  the  tapered  chain.  These  changes,  as  discussed  In  Section  I,  are  the 
largest  uhen  the  taperlrg  scheme  shown  In  Fig.  3.5  u  used  for  a  fixed 
amount  of  phase  velocity  tapering  In  the  forvari-wave  region  at  the  mid¬ 
band  frequency.  If  otner  tapering  schemes  are  used,  either  the  forward- 
wave  amplification  of  the  tube  will  deteriorate  or  the  amplification 
bandwidth  will  be  decreased  In  order  to  achieve  the  same  purpose,  even 
if  such  scheme.s  are  possible. 
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3  Pulse-eige  Osclllatton  due  to  Simultaneous  [nteraction  of  Forward  wave 


and  Backyard  wave  with  the  Beam 


,2,3,^ 


In  the  of  the  uniform  circuit  t^be,  it  has  been  found 

tr;at  at  the  frequencies  corresponding  to  the  transition  between  the 
forward-wave  and  backward-wave  regions  of  the  u>-3  diagram,  oscillation 
due  to  simultaneous  interaction  of  the  forward  and  backward  spatial 
harmonics  with  the  electron  beam  is  possible  This  is  because  at  this 
transition  region,  which  is  located  at  the  upper  cutoff,  both  waves  have 
nearly  the  same  value  of  phase  velocity  as  well  as  the  same  absolute  value 
of  group  velocity  At  cutoff  the  values  of  both  are  identical,  so  we  are 
considering  a  small  region  in  the  vicinity  of  and  including  the  cutoff 
point.  Jurthermoia,  the  interaction  impedances,  as  discussed  previously 
in  Section  1,  are  very  high  for  both  the  fundamental  and  first  backward 
wave  in  this  region;  that  is,  interaction  is  strong  in  both  cases. 

We  sh«£ill  now  discuss  how  oscillations  arising  from  this  type  of 
interaction  can  be  avoided  by  circuit  tapering  By  referring  to  Fig-  2  5» 
for  example,  we  see  that  the  upper  cutoff  frequency  is  gradually  increased 
toward  the  output  end  of  the  taper-  In  other  words,  the  region  in  which 
the  forward-  and  backward-space  harmonics  have  nearly  the  same  phase  and 
group  velocities  is  gradually  increased  in  frequency  as  the  output  end  is 
approached  along  The  taper.  Therefore,  for  frequencies  slightly  less  than 
or  equal  to  the  untapered  upper  cutoff  frequency,  the  tapered  slow-wave 
structure  has  much  lower  interaction  impedance  at  the  output  end  of  the 
taper  than  at  the  untapered  input  end-  The  reason  for  this  reduction  is 
the  same  as  that  given  in  Section  1,  and  can  easily  be  seen  from  the 
subsequent  example  Hence,  when  the  beam  is  synchronized  with  the 
untapered  cavities  in  the  tapered  tube  at  these  frequencies,  the  tapered 
cavities  will  contribute  little  to  this  type  of  oscillation  because- 
l)  the  interaction  impedance  in  the  tapered  cavities  is  low,  and  2)  the 
waves  and  the  electron  beam  are  out  of  synchiTonism  due  to  the  increase 
of  phase  constant,  B  ,  as  one  proceeds  toward  the  output  end  of  the 
.per.  In  a  tapered  tune,  the  uniform  portion  of  the  output  section 
Should  always  be  iu6Uie  short  enough  to  avoid  oscillation  in  this  region 
Then  the  entire  output  section  sr.ould  rot  o.scillate  because  the  taper  does 
not  contribute  significantly  to  the  grow-h  of  csciMa'iors  in  this  freque.icy 
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For  a  taper  vhich  does  not  have  a  change  in  upper  cutoff  frequency 
such  as  the  one  shown  in  Fig.  2  2,  however,  the  baill-up  of  such  oscil¬ 
lations  is  possible  when  the  tube  is  driven  The  tube  can  also  support 
oscillations  due  to  high  forward -wave  gain  and  large  reflections  at  the 
ends  of  the  section  as  previously  described  in  Section  1  Ir  either 
case,  the  electron  velocity  will  reach  a  lower  value  at  the  output  end 
of  the  taper  than  at  the  input  end;  furthermore,  the  circuit  phase 
velocity  is  also  decreased  in  the  same  fashion,  due  to  the  change  of 
cavity  lengths  Therefore,  the  synchronism  condition  between  the  cir¬ 
cuit  wave  and  the  Lear,  is  always  maintained.  Because  the  upper  cutoff 
frequency  is  kept  unchanged  throughout  the  taper,  the  Interaction 
impedance  for  frequencies  in  the  neighborhood  of  the  upper  cutoff  is 
always  high  for  all  the  cavities  Hence,  strong  interactions  exist  in 
the  entire  ler.gth  of  the  output  section  and  the  tube  will  likely  oscillate 

For  other  tapering  schemes,  the  upper  cutoff  frequency  is  changed  to 
a  lover  value  in  the  tapered  cavities  Therefore,  in  addition  to  the 
simultaneous  interaction  of  both  the  forward  and  backward  waves  with  the 
beam,  one  also  expects  high  reflections  in  the  tapered  region  for  fre¬ 
quencies  close  to  the  un tapered  upper  cutoff  This  will  increase  the 
possibility  of  tube  oscillation.  Furthermore,  it  has  already  been  shown 
in  Sections  1  and  2  that  these  tapering  schemes  are  also  poor  in  suppres¬ 
sing  other  types  of  pulse-edge  oscillations. 

The  taper  which  has  an  increased  upper  cutoff  frequency  alorig  its 
length  as  shown  in  Fig.  2.5  appears  to  be  most 'effective  in  suppressing 
all  three  types  of  the  pulse-edge  oscillations  discussed  above,  wnich 
exist  near,  or  at,  the  upper  cutoff  frequency  of  the  fundamental  passband 
The  realistic  example  cited  in  the  above  sections  will  be  shown  further 
in  later  chapters  to  be  effective  in  suppressir.g  these  oscillations  in 
an  experimental  tube. 

In  the  operation  of  uniform  circuit  traveling-wave  tubes,  another 
kind  of  oscillation  is  often  found.  This  oscillation  does  not  belong  to 
the  category  of  pulse-edge  oscillations  considered  above,  but  exists  with 
frequencies  of  the  second  higher  passband  near  or  on  the  flat  top  of  the 
beam  voltage  pulse.  Such  oscillations  are  often  referred  to  as  higher 
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pasabard  oscillations.  An  a>-3  diagram  of  the  second  higher  passband 
obtained  frca  a  tapered  clover-leaf  structure  Is  shown  in  Fig.  2.12. 

For  the  clrc..!*  cited,  such  cscillatior.s  usually  exist  near  the  lower 
cutoff  irecuer.cy  oi  the  second  higher  passcand  The  beam  voltage 
necessary  for  synchronism  with  this  frequency  region,  as  can  be  seen 
from  Fig  1.12,  is  nearly  the  same  as  that  required  for  synchronism  with 
the  mld-iand  frequencies  of  the  amplification  passcand. 

There  are  many  possible  causes  of  t.hese  oscillations  including  those 
previously  discussed,  depending  on  where  the  voltage  line  intersects  the 
propagation  characteristic  A  tapered  circuit  designed  to  suppress  pulse- 
edge  cs  c  ■  llaticac  r£.y  :  :  t  be  effective  in  suppressing  upper  passband 
o.aclllatic.as  For  instance,  the  tapered  circuit  v.'hose  dispersion  charac- 
-'S  are  shovr.  in  Fig  2.12  is  effective  in  suppressing  the  pulse- 
edge  oscillations  as  mentioned  in  the  preceding  sections  However,  for 
beam  voltages  below  130  kV,  the  tapered  tube  may  stiii  oscillate  in  the 
frequency  range  from  5^00  Mc/s  to  56OO  Mc/s,  since  in  this  frequency 
region,  the  interaction  impedance  of  the  circuit  is  relatively  high. 

Thus,  oscillations  which  result  from  simultaneous  forward -wave  and 
backward-wave  amplification  together  with  high  reflections  from  the 
output  coupler  which  is  poorly  matched  in  the  higher  passband  are  likely 
to  occur. 

Methods  for  suppressing  the  higher  passband  oscillations  have  been 
studied  in  this  laboratory. The  one  adopted  for  the  experimental 
tapered  tube  is  that  of  selective  attenuation.  As  the  name  suggests, 
this  method  applies  attenuation  in  such  a  way  that  the  loss  provided  for 
the  higher  passband  is  much  higher  than  that  provided  for  the  amplifi¬ 
cation  passband.  Sufficient  attenuation  in  the  higher  passband  can 
therefore  be  obtained  to  suppress  most  oscillations  while  allowing  little 
attenuation  of  the  amplification  passband  An  alternative  method  is  that 
of  using  an  external  high-pass  coupling  system  with  a  cutoff  frequency 
aoove  the  frequencies  of  the  amplification  passband.  With  this  coupling, 
the  external  system  can  couple  a  large  a.mount  of  loss  into  the  slow-wave 
structure  at  the  higher  pjissband  frequencies  when  the  external  system  is 
properly  loaded  with  lossy  ;.Taterials.  However,  in  the  ampli  fication 
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passband  r.o  appreciable  loss  is  coupled  to  the  circuit  because  of  the 
cutoff  projerty  cf  this  couplitig  system  Hence,  the  building  up  of 
■igher  passbant  ot dilations  can  be  precluded  by  sufficiently  loading 
it  to  the  nonos cl nation  point  without  appreciably  affecting  the 
amplification  properties  of  the  tube. 

C  EFFECT  OF  CIRCUIT  TAPEJ,<I!iG  ON  AMPLIFICATION 

We  nave  discussed  the  effects  of  tapering  on  pulse-edge  oscillation. 
In  this  section  we  shall  discuss  another  aspect  of  circuit-tapering, 
viz.,  the  effects  of  taperir.g  on  amplification;  an  approximate  method  of 
predicting  perfon&ar.ce  will  be  introduced. 

For  a  tapered  amplifier  consisting  of  a  uniform  circuit  portion  and 
a  taper  at  its  output  end,  the  total  small-signal  gain  will  be  less  than 
that  of  a  ux.iform  circuit  tube  having  the  same  length  and  operating  under 
the  same  conditions  if  the  uniform  cavities  used  in  both  tubes  are 
designed  to  provide  optimum  small-signal  gain.  This  is  because  the 
tapering  achieved  by  gradually  changing  the  cavity  dimensions  near  the 
output  end  of  the  tube  will  change  both  the  interaction  impedance  and 
the  synchronism  condition.  Therefore  the  total  gain  is  reduced. 
Nevertheless,  if  the  tapering  is  small,  such  reduction  in  total  gain  will 
not  be  serious,  and  can  be  predicted  approximately  by  a  method  to  be 
shown  later 

When  the  input  signal  power  increases  beyond  strictly  small-signal 
operating  values,  the  single  beam  velocity  picture  in  the  tube  breaks 
down,  aind  more  and  more  electrons  in  the  beam  reach  a  final  velocity  at 
the  output  end  of  the  tube  less  than  the  original  value  at  the  input  end 
of  the  tube.  If,  for  a  certain  input  signal  level,  the  circuit  phase 
velocity  is  also  decreased  gradually  in  the  region  of  the  taper  in  the 
same  manner  as  that  of  the  electron  velocity,  then  the  synchronism 
condition  between  the  circuit  and  the  beam  will  be  improved  in  this 
region,  so  the  total  gain  of  the  tube  will  be  higher  than  that  computed 
by  the  standard  small-signal  theories.  On  the  other  hand,  a  uniform 
circuit  tube  at  the  similar  increased  input  level  will  have  less  total 
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gain  than  the  small-signal  ’/alae  because  at  this  level  most  electrons  in 
the  beam  slow  down  near  the  output  end  of  the  tube,  but  the  cavities  in 
that  region  are  designed  to  give  optimum  gain  when  synchronizing  with 
the  original  team  velocity.  In  other  words,  the  small-signal  gain  is 
the  highest  gain  obtainable  in  the  uniform  circuit  tube  case,  whereas 
in  the  bapered  tube  case,  this  is  no  longer  true. 

Such  nonlinear  dynamics  in  a  uniform  circuit  tube  have  been  studied 
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thoroughly  in  a  series  of  experiments  by  Cutler.  In  an  example  of  a 
typical  uniform  circuit  tube  given  in  his  paper,  he  showed  that  when  the 
input  level  increases  from  strictly  small-signal  operating  values  cor¬ 
responding  to  an  output  power  level  less  than  -22  db  below  saturation, 
most  of  the  electrons  in  the  beam  start  to  consolidate  into  a  "main 
bunch’  in  the  decelerating  phase  region  and  at  the  same  time  experience 
a  rather  rapid  decrease  in  velocity.  As  the  input  level  was  increased 
cori-esponding  to  an  output  power  level  -12  db  below  saturation,  the 
final  velocity  spreawi  was  reached.  At  this  level,  most  of  the  electrons 
were  in  the  'main  bimch"  with  loduced  velocities.  However,  a  second 
"spur”  was  Just  starting  to  grow.  Beyond  this  level,  more  and  more 
electrons  shifted  into  the  second  "spur"  and  moved  into  the  accelerating 
phase  region.  Ultimately,  almost  all  the  electrons  in  the  beam  consoli¬ 
dated  into  two  groups,  both  containing  the  same  number  of  electrons. 

One  group  was  located  in  the  decelerating  phase  of  the  rf  circuit  fields, 
while  the  other  was  in  the  accelerating  phfise,  so  there  was  no  further 
net  power  transfer  from  the  beam  to  the  circuit  and  the  tube  reached 
saturation. 

In  the  above  experiment  it  was  noted  that  most  electrons  in  the  beam 
experienced  a  maximum  change  in  velocity  and  consolidation  into  a  main 
bunch  in  the  decelerating  phase  when  the  input  power  had  values  corre¬ 
sponding  to  the  onset  of  the  nonlinear  operation  region  of  the  tube. 

It  is  the  region  corresponding  to  the  output  power  between  -22  db  to 
-12  db  below  saturation.  Since  the  variation  of  power  output  in  a 
traveling-wave  tube  with  respect  to  the  input  levels  is  related  to  the 
variation  with  respect  to  distance  along  the  tube,  this  means  that  when 
the  power  cutpuc  at  the  end  of  the  tube  reaches  a  level  of  -12  db  below 
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saturation,  the  electron  velocity  will  start  to  spread  at  a  distance 
corresponding  to  10  db  power  gain  toward  the  input  end  of  the  tube  as 
aeasured  fror.  the  output  end.  If  the  phase  velocity  of  the  slow-wave 
circuit  starts  to  decrease  at  the  same  distance  from  the  output  end, 
the  synchronism  condition  between  the. circuit  and  the  beam  can  be 
improved. 

To  evaluate  this  effect  analytically,  one  may  either  perform  non¬ 
linear  numerical  analysis,  which  undoubtedly  will  be  more  involved  than 
that  in  the  uniform  circuit  case  to  obtain  a  precise  solution,  or  extend 
the  small-signal  analysis  to  give  an  approximate  result.  In  the  fol¬ 
lowing  35aragraphs,  an  extended  small-signal  analysis  will  be  developed 
and  a  practical  example  of  a  tapered  amplifier  with  a  six-cavity  linearly 
tai>ered  cloverleaf  structure  will  also  be  given. 

The  approximation  process  employed  here  is  essentially  the  same  as 
that  used  prcjviously  in  considering  the  case  of  backward-wave  oscil¬ 
lations,  except  that  the  average  electron  velocity  is  also  varied  from 
section  to  section.  In  other  words,  the  tapered  portion  of  the  tube 
is  now  considered  as  composed  of  a  series  of  "sub -tubes",  each  having 
different  circuit  dimensions  and  beam  velocities.  The  term  "sub-tube" 
is  used  here  to  indicate  that  each  cavity  of  the  taper  is  considered 
as  a  small  section  of  a  uniform  circuit  tube  built  with  cavities  of  the 
same  dimensions  operating  at  a  beeua  velocity  equal  to  the  average 
electron  velocity  at  the  position  of  the  particular  cavity  in  the  taper. 
Since  in  this  process  only  the  beginning  of  the  nonlinear  operation  region 
is  of  interest,  the  approximation  should  be  good  if  the  circuit  tapering 
is  small  and  the  input  signal  level  is  not  too  far  from  the  small-signal 
operating  values.  Unfortunately,  the  average  electron  velocity  change 
in  a  tapered  tube  is  unknown  due  to  the  lack  of  a  suitable  nonlinear 
computation,  or  experiments  similar  to  those  Cutler  did  for  the  uniform 
circuit  tube  case.  But,  if  one  considers  the  problem  sligntly  differently, 
one  may  obtain  an  upper  bound  for  the  expected  increase  in  gain  without 
knowing  this  information.  From  knowledge  of  the  type  of  circuit  tapering 
it  can  be  seen  that  the  phase  velocity  of  the  circuit  is  decreased  suc¬ 
cessively  when  one  proceeds  toward  the  output  end  of  the  taper,  and,  if 
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the  tapering  is  small,  the  final  electron  velocity  spread  in  the  beam 
will  not  differ  drastically  from  that  of  a  uniform  circuit  tube  with 
the  same  tube  parameters.  Hence,  one  may  choose  a  series  of  average 
electron  velocities  between  the  initial  velocity  and  the  final  avejrage 
electron  velocity  which,  as  mentioned  above,  could  be  found  roughly  from  the 
uniform  circuit  tube  results,  and  compute  the  gain  for  each  of  the 
"sub-tubes"  mentioned  above.  From  these  results  one  can  find  that  the 
position  corresponding  to  the  optimum  gain,  which  is  chosen  to  be  at 
the  beginning  of  the  taper  at  the  initial  electron  velocity,  will  shift 
toward  the  output  end  of  the  taper,  when  the  avereige  electron  velocity 
decreases.  For  a  schematic  example  of  this  process.  Fig.  2.13  shows 
a  six-section  taper  with  eight  assumed  averaged  electron  velocities. 

The  g's  in  the  table  may  represent  any  of  the  tube  parameters.  Each 
column  represents  the  value  changes  for  each  "sub-tube"  parameter  when 
the  average  electron  velocity  changes.  Each  row  indicates  the  i>arameter 
change  for  a  certain  electron  velocity.  For  instance,  the  g's  may 
represent  the  gain  of  each  "sub-tube."  Then  each  column  indicates  the 
gain  variation  when  the  average  electron  velocity  changes.  On  the  other 
hand,  each  row  indicates  the  gain  change  when  the  average  electron 
velocity  is  k*pt  constant.  For  instance,  the  first  row  in  the  table 
gives  the  vr.lues  for  initial  electron  velocity.  If  the  g's  represent 
the  gain,  then  the  sum  of  i.e.. 


1=1 


1=1  6 


will  give  the  total  small-signal  gain  in  the  tapered  portion  of  the  tube. 
The  total  gain  of  the  tube  will  be  r.  x  g^^  ,  plus  the  sum  shown  above, 

where  n  indicates  the  number  of  untapered  cavities  in  the  tube.  If 
the  circled  g's  represent  the  optimum  gain  obtainable  for  each  electron 
velocity,  and  if  at  a  certain  input  level  the  average  electron  velocity 
decreases  along  the  taper  wfth  values  corresponding  to  those  of  the 
circled  g's,  the  total  gain  of  the  tube  will  have  the  highest  value. 
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i  =  0  the  untapered  cavity, 

i  =  2,  . 6,  tapered  cavities. 


FIG.  2.13--Schematic  example  of  a  six  section  taper 
with  eight  assumed  electron  velocities. 
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In  other  words,  the  sum  of  circled  g*s  will  form  the  upper  bound  for  the 
possible  improved  tube  gain.  For  other  input  levels,  the  average  electron 
velocity  will  start  to  decrease  either  before  reaching  the  taper  or  inside 
the  taper;  these,  as  can  be  seen  from  Fig.  2.13,  will  all  give  less  total 
gain  in  the  tube  than  the  siamnation  of  circled  g*s. 

The  example  of  a  six-cavity  linearly  tapered  clover-leaf  structure 
previously  discussed  will  again  be  used  here  to  Illustrate  the  approxi¬ 
mation  method.  The  amplification  at  a  mid-band  frequency  of  3060  Mc/s 
will  first  be  considered.  From  the  circuit  parameters  of  the  untapered 
cavities,  it  is  found  from  Cutler's  results  that  a  tube  constructed  from 

identical  cavities  has  a  final  beam  velocity  at  this  frequency  of  the 

Q  o 

order  of  0.h2  x  10  m/s  with  an  initial  beam  velocity  of  I.76  x  10  m/s 

at  120  kV  beam  voltage.  Therefore,  eight  intermediate  electron  wlocities 

are  assumed  in  computing  the  gain  for  each  "sub-tube."  The  a>-3  diagram 

for  the  taper  obtained  from  the  measurement  described  in  Chapter  III  has 

already  been  shown  in  Fig.  2.7;  however,  a  more  detailed  one  for  the 

amplification  passband  is  shown  in  Fig.  2.l4.  The  abscissa  in  the  later 

figure  is  plotted  in  the  propagation  constant,  P  ,  and  the  phase  shift 

per  section,  pL  ,  is  also  indicated.  In  the  figure,  is  the 

length  of  untapered  cavity.  The  ,  are  the  length  of  the 

tapered  cavities  from  number  one  to  the  last  cavity  which  is  indicated  as 

L^ut  •  interaction  impedance  of  the  taper  is  then  computed  from 

frequency  perturbation  results  given  in  Chapter  III  and  is  plotted  vs 

cavity  number  as  shown  in  Fig.  2.15.  Since  the  interaction  impedance  is 

independent  of  the  beam  parameter,  it  is  a  single  value  for  each  "sub-tube." 

The  results  shown  in  the  figure  are  colncidently  linear  for  this  frequency; 

however,  they  are  not  necessarily  linear  for  other  frequencies.  The  reason 

for  it  being  a  decreasing  function  of  cavity  number  can  be  easil;,’  seen  from 

g 

Pierce's  argument.  The  dimension  change  due  to  circuit  tapering  will,  of 
course,  decrease  the  value.  The  values  of  the  modified  "C"  pareuneter  are 
shown  in  Fig.  2.l6  as  a  function  of  cavity  number  in  the  taper  with  beam 
velocity  bp  a  parameter.  The  modification  is  made  by  considering  the  beam 
voltage  Vq  in  Eq.  (2.2)  as  the  equivalent  beam  voltage  corresponding  to 
the  reduced  average  electron  velocity  in  each  "sub-tube."  However,  the 
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2.lU--An  a>-P  diagram  for  the  lower  passband  forward  wave 
of  the  tai)ered  wave  amplifier. 


put 

FIG.  2.15--Pierce  Impedance  vs  section  numbers. 
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original  value  for  dc  current,  I  ,  is  used  in  computing  the  C's  , 

J 

since  even  though  the  electron  velocity  is  reduced,  the  electron  density 
may  increase  in  the  region  of  the  taper. 

Figure  2.17  shows  the  change  of  velocity  parameter,  b  ,  with 
respect  to  the  change  in  cavity  number,  and  with  the  electron  velocity 
again  as  a  parameter 

The  space-charge  parameters,  QC  ,  are  shown  in  Fig  2.l8  as  a 
function  of  the  number  of  cavities  with  beam  velocity  as  a  parameter. 

In  evaluating  this  parameter,  the  reduced  plasma  frequency  is  assumed 
to  change  with  the  electron  velocity,  and  the  beam  diameter  is  assumed 
to  be  always  90  percent  of  the  cavity  central  aperture  diameter,  which 
is  nearly  the  actual  case. 

The  above  parameters  are  tabulated  in  Table  II. 1.  From  these 
parameters,  a  set  of  x.  parameters  are  obtained  from  Birdsall  and 

Igl 

Brewer's  computations,  and  are  plotted  in  Fig.  2.19a,  b.  It  is  inter¬ 
esting  to  note  from  the  curves  of  Fig.  2.19a,  b  that  the  peak  value  of 
shifts  toward  the  output  end  of  the  taper  as  the  average  electron 
velocity  decreases. 

From  the  value  of  the  x^^'s,  the  gain  of  each  "sub -tube"  for  each 
reduced  electron  velocity  can  be  calculated.  However,  the  total  gain  of 
a  tube  with  an  input  section  of  eleven  untapered  cavities  and  an  output 
section  consisting  of  five  untapered  cavities  and  a  six-cavity  linear 
taper  mentioned  previously,  is  shown  in  Fig.  2.20  for  three  different 
cases.  The  curve  marked  "optimum  case"  is  obtained  by  considering  each 
"sub-tube"  as  having  its  maximum  gain,  which  gives  the  highest  gain 
obtainable  in  a  tapered  tube,  and  corresponds  to  the  case  of  the  circled 
g's  mentioned  earlier.  The  middle  curve  denoted  by  b  =  0  is  obtained 
by  assuming  that  the  electron  velocity  is  always  the  same  as  the  circuit 
phase  velocity.  The  total  gain  of  the  tube  which  can  be  seen  from  the 
figure  is  less  than  the  optimum  case,  but  still  can  be  2,1  db  higher 
than  the  strictly  small-signal  case.  The  lowest  curve  in  the  figure  is 
the  strictly  small-signal  case,  that  is  the  case  by  considering  that 
the  electron  velocity  is  the  same  throughout  the  tube,  and  that  the  total 
gain  is  the  lowest  compared  with  the  other  two  cases  shown  in  Fig.  2.20 
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FIG.  2.17 — b  vs  section  number  I'or  values  of  C.  found  frcrr.  Fig.  2.2. 
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FIG.  2.18— QC  vs  section  numbers  from  data  of  Fig. 


TABLE  II. 1 


PARAMETERS  OF  TAPERED  SECTIONS 
FOR 

DIFFERENT  ELECTRON  VELOCITIES 


f  =  3060  Me 


"0 

xlO® 

1  76 

QC  = 
b  = 

C  = 

*1  = 

STD 

Input 

No.  1 

No.  2 

No  3 

No.  4 

No.  5 

No.  6 

.166 
+  .700 
.157 
.813 

.172 
+  .864 

.154 

.81 

.179 

-1.08 

.1^0 

.803 

.186 

+1.274 

.146 

.79 

.195 

+1.475 

.l4l 

.756 

.207 

+1.71 

.136 

.69 

.219 

+1-97 

.131 

62 

1.7 

QC  = 

.171 

.1768 

.184 

.191 

.201 

.212 

22.+ 

b  = 

+  .458 

+  .610 

+.780 

+  960 

+1.15 

+1.35 

+1.60 

C  = 

.162 

.158 

.154 

.150 

.145 

.140 

.134 

^1  = 

.79 

.81 

.81 

.81 

.79 

.77 

.72 

1.64 

QC  = 

.176 

.180 

.187 

.196 

.205 

.217 

.228 

b  = 

+  .204 

+  .362 

+  .506 

+  .678 

+  .834 

+1.0^ 

+  1.22 

C  = 

.167 

.103 

.1^9 

.1'34 

.150 

.144 

.139 

*1  = 

.76 

.78 

.79 

.80 

.79 

.79 

.77 

1.58 

QC  = 

.181 

.185 

.192 

•  199^ 

.210 

.220 

.233 

b  = 

-.017 

+  .118 

+  .246 

+  .400 

+  .530 

+  .725 

+  .902 

C  = 

.172 

.l68 

.164 

.159 

.154 

.149 

.143 

*1  = 

.69 

.7? 

.734 

.76 

.77 

-77 

•  77 

1.52 

QC  = 

.184 

.188 

.196 

.204 

.213 

.224 

.237 

b  = 

-.224 

-.115 

.0 

+  .139 

+  .262 

+  .415 

+  .575 

C  = 

.178 

.174 

.169 

164 

.159 

.154 

.148 

*1  = 

.61 

.65 

.68 

.69 

.71 

.73 

.76 

1.46 

QC  = 

.188 

.192 

.200 

.207 

.216 

.226 

.24c 

b  = 

-.432 

-.328 

-.212 

-.0905 

0 

+  .138 

+  .274 

C  = 

.184 

.180 

.175 

.170 

.165 

.159 

.153 

*1  = 

.533 

.566 

.59^ 

.625 

.65 

.66 

.69 

1.4 

QC  = 

.193 

.197 

.203 

.210 

.220 

.231 

.244 

b  = 

-.615 

-.516 

-.422 

-.318 

-.234 

-.121 

0 

C  = 

.190 

.186 

.181 

.176 

.170 

.164 

.158 

*1  " 

.393 

.437 

.499 

.534 

.537 

.566 

.60 

1.34 

QC  = 

.195 

.200 

.206 

.213 

.223 

.234 

.247 

b  = 

-.761 

-.704 

-.620 

-.534 

-.464 

-.357 

-.270 

C  = 

.197 

.192 

.187 

.182 

.176 

.170 

.163 

*1  = 

.271 

.28 

.35 

.396 

.4i4 

.442 

.46 
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FIG.  2.19a— Forward  growing  wave  gain  paraaeter,  ,  vs  section 
number  of  the  taper  for  reduced  beam  velocities. 
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FIG.  2.19b— Forward  growing  wave  gain  parameter,  Xj^,  vs  section  nxaaber 
of  the  taper  for  reduced  beam  velocities. 
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FIG.  2.20— Total  gain  vs  tarred  section  numbers  at  120  kV  for  f  =  3060  Mc/i 


It  can  be  seen  trcu  these  results  that  for  an  observer  at  the  output  end 
of  the  tube^  a  2.7  db  gain  Increase  may  be  observed  when  the  Input  signal 
level  Is  increased  beyond  the  aaall-signal  operating  values.  This  means 
that  In  the  transition  region  between  the  strictly  small-slgnal  operating 
and  saturation  regions  the  gain  of  the  tvibe  may  increase  beyond  the  small- 
signal  value. 

The  pover-ln  vs  power-out  curve  may  have  the  shape  shown  in  Fig.  2.21. 
This  gain  increase  property  also  occurs  at  other  frequencies,  though  the 
amount  of  increase  will  vary  with  frequen^.  At  2920  Mc/s,  for  exaiiq>le, 
the  same  tapered  tube  gives  only  a  small  optimum  calculated  gain  Increase 
of  0.9  db  when  the  input  signal  level  Increases  beyond  the  small-signal 
levels.  The  results  for  this  frequency  are  plotted  in  Fig.  2.22.  The 
total  gain  of  the  tube  is  higher  than  that  fvt.  3060  Mc/s;  however,  on  a 
graiAi  similar  to  that  of  Fig.  2.21,  such  a  small  increase  may  be  difficult 
to  notice.  One  would  notice,  however,  that  the  linear  region  extends  to 
within  a  few  db  of  the  saturated  output  power  Instead  of  the  usual  10-1^ 
db  in  an  unt^pered  tube. 

D.  ffFBCT  OF  CIRCUIT  TAPBORG  OR  ^ICIBfCY 

It  has  been  shown  in  the  last  section  that  the  improvement  on  the 

forward-wave  nullification  due  to  circuit  tapering  idien  the  tube  is 

driven  can  be  approximated  reasonably  well  by  direct  application  of  the 

small-signal  theory.  However,  when  studying  the  efficiency  of  the  tapered 

tube,  such  an  approach  can  hardly  provide  any  useful  results  since  the 

efficiency  is  measured  when  the  tube  is  driven  to  saturation,  an  entirel: 

large-signal  i^enoamion.  One  approach  to  this  problem  of  estimating  the 

efficiency  is  to  extend  the  large-signal  analysis  of  the  uniform  circuit 

tube  to  account  for  the  variation  of  circuit  phase  velocity  in  a  tapered 
13  lU 

amplifier.  *  But,  when  dealing  with  a  solid  beam  untapered  tube,  the 

15^20 

existing  large-signal  theories  all  show  some  ccmiaon  deflc5«.encles. 


FIG.  2. 21« -Expected  power-out  vs  power-in  curve  for 
the  tapered  tube  as  ccaqiared  with  the 
untapered  tube  at  input  power  level  below 
satviration. 
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FIG.  2.22 — Total  gain  vs  tapered  section  number  at  120  kV  for  f  »  2092  Mc/s. 
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For  liutanee,  as  pointed  out  by  Cutler,^  the  enlculated  effleleocjr  ralues 

•rc^  in  general,  higher  than  idiat  can  be  obtained  froa  the  experlaent. 

It  la  aainly  because  all  the  large-signal  theories  are  essentially 

dealing  with  one  dlaenslon  only,  and  consider  the  circuit  field  and 

space-charge  force  to  be  constant  across  the  beaa.  Hence,  except  for  a 

saall  besB,  or  a  hollow  beaa  ease,  all  the  large-signal  theories,  tbou^ 

21 

in  agreeaent  with  each  other,  can  hardly  glre  correct  results.  In 

22 

soae  cases,  an  error  of  2^  percent  has  been  observed.  Furtheraore, 

23 

for  hl^-power  traveling-wave  tubes,  such  as  the  S-band  clover-leaf  tube, 

7 

S-band  centipede  tube,  etc. ,  operating  In  the  aegawatt  power  range,  the 
electron  velocity  In  the  tube  Is  eoa^arable  with  the  velocity  of  light. 

The  relativistic  effect  can  no  longer  be  neglected.  But  the  large-signal 
theories  to  date  are  all  based  upon  a  low  power  as  well  as  low  electron 
velocity  tube  aodel,  and  the  relativistic  effect  Is,  in  general,  neglected. 

To  deal  with  tapered  hl£^-power  tubes,  soae  aodlfleatlons  to  the  large- 
signal  theories  are  Inevitable,  and  acre  assuivtlons  aust  be  added  in  order 
to  describe  the  variation  of  the  circuit  tapering.  Even  If  such  a  aodl- 
fleatlon  can  be  aade.  It  Is  doubtful  whether  the  results  would  Justify  the 
effort  since  the  results  would  be  only  as  good  as  the  assuaptlons. 

Fortunately,  an  evlrlcal  sttidy  of  large-signal  bdiavlor  of  the 
\mlfora  circuit  traveling-wave  tube  has  been  successfully  carried  out. 

Froa  the  results  of  this  study,  a  qualitative  understanding  of  the  effect 

of  circuit  tapering  on  the  tube  efficient  can  be  readily  derived.  On  the 

22 

spent-beaa  study  of  a  scale  aodel  tube.  Cutler  revejiled  the  nature  of 
tube  saturation  by  Interpreting  the  experlaental  results  In  the  foxa  of  a 
velocity-phase  pattern.  A  set  of  such  velocity-phase  patterns  for  the  saall 
QC  ease  Is  shown  In  Fig.  2.23,  which  Is  the  saae  as  that  of  Cutler's,  except 
that  only  six  Input  level  eases  are  presented  here.  A  brief  description  of 
these  patterns  will  be  given  In  the  following  paragraph.  However,  It  Is 
suggested  that  the  readers  refer  to  the  original  paper  by  Cutler,  since  the 
followlog  paragraph  Is  Intended  only  to  refresh  the  aeaory  of  those  who  are 
already  fanillar  with  the  original  literature. 

^^^Baceptlon;  J.  E.  Rowe  aade  soae  aodlfleatlon  to  his  theory. 
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FIG.  2.23--Curves  of  current  and  velocity  as  a  function 

of  phase  for  various  input  levels  The  velocity 
becomes  multivalued  at  a  very  lav  level,  a  tall 
forming  a  nucleus  for  a  second  electron  bunch 
which  eventually  caused  saturation  in  the  output. 
For  this  run  C  -  G.l,  QC  ^  O.Oo,  yr.  -  0.^  and 
b  -  0.26  ° 
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In  Fig.  corresponling  cnange  in  voltage  of  the  relative 

electron  velocity  cr.a.'.;ve  ani  tne  inverted  relative  circuit  voltage 
(i.e.,  dashed  einusoidal-li/.e  curve  in  the  figure)  were  plotted  against 
tne  relative  angl-..  The  solid  line  patterns  represent  the  ac 

velocity,  and  ‘  ;.e  shaded  area  represents  the  charge  density  corresponding 
to  trial  veloc;*y  Tn-c  i..  each  pattern  one  can  get  a  complete  story  of 
electron  veloji*/,  current  density  and  circuit  voltage  as  a  function  of 
p.nase,  for  a  tar-icilar  slgr.al  input  level  The  case  shown  in  Fig.  2.23 
is  for  a  tule  with  C  -  '.1,  QC  =  0.06,  yr^  =  0.4  and  c  =0,26  .  An 

ur.oDdulated  electron  Lea.r.  enters  the  circuit  field  at  the  input  end  of 
the  tuce,  and  '"ne  ele^'trons  are  accelerated  or  decelerated  according  to 
their  phase  rei.ati  .e  *o  the  wave.  Figure  2  23&  shows  a  typical  lovr  level 
or  linear  case  witn  inp^t  power  22  db  below  the  input  power  for  saturation 
utput.  Although  this  velocity-phase  pattern  was  measured  at  the  output 
end  of  the  scale  model  tube,  it  can  also  be  considered  as  th.at  existing 
somewhere  near  the  input  end  when  the  output  end  of  the  tube  is  at 
saturation.  This  is  because  in  a  traveling-wave  tut.e  the  power  gain  is 
a  function  of  the  ler.gth  along  the  tube.  Therefore,  velocity-phase 
patterns  for  different  drive  level’s  can  be  considered  as  the  velocity- 
phaue  patterns  in  different  locations  alor.g  the  tube.  After  the  beam 
travels  a  distance  from  the  input  end  of  the  circuit,  the  electrons  in 
the  ceam  consolidate  into  a  short  phase  interval  in  the  decelerating 
pha.oe  region,  as  shewn  in  Fig.  2.23b  which  corresponds  to  an  input  drive 
le/el  of  +12  db  below  saturation  drive.  At  this  location,  or  corresponding 
drive  level,  the  .nonlinearity  in  the  beam  is  evident,  and  the  velocity  and 
current  are  no  lo.nger  sinusoidal.  Furthermore,  a  spur  in  the  velocity- 
curve  is  clearly  shewn,  and  a  definite  nor.sinusoidal  bunching  exists  in  t.ne 
retarding  field  region.  As  the  beam  is  traveling  further  toward  the  output 
end  of  the  tube,  such  as  shown  in  Fig.  2.23c,  which  corresponds  to  a  drive 
level  *4  db  below  the  saturation  drive  level,  the  electrons  in  the  retarding 
field  region  consolidate  into  even  shorter  phase  intervals.  However,  more 
electrons  bleed  into  the  spur  which,  in  turn,  has  penetrated  into  the 
accelerating  pbuise  region.  It  is  interesting  to  note  that  the  electron 
velocity  in  uhe  phase  region  between  60°  to  ll30°  has  not  changed  signi¬ 
ficantly.  T.bis  c.ar.  be  true  only  if  the  space-ebjarge  field  just  compensates 
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for  tne  circuit  field,  sue!  tnat  the  total  deceleratirig  field  is  zero. 
Hjveve;  ,  rear  tue  spur,  the  space-c:.arge  field  is  apjarently  reversed 
according  to  the  evidence  of  the  s.harp  deceleration  and  the  forming  of 
tn*  spur  As  tre  beam  travels  farther  down  tre  t^ov.-,  r.ore  electrons 
are  Lied  into  the  acceieratior  prase  and  fore,  another  electron  Lunch  in 
the  acceleratirjg  phjase  region.  Evidently,  a  few  electrons  in  the  right- 
hand  tip  of  the  electron  bunch  in  the  decelerating  p'-ose  region  can  no 
longer  find  the  space-charge  field  sufficient  to  balance  the  circ-iit 
field,  a*- i  they  are  decelerated  into  a  second  leu  velocity  loop  As 
the  ceam  reaches  a  location  corresponding  to  saturation  drive  level, 
i.e. ,  3  dc,  as  shown  in  Pig.  2.23d,  more  than  95  perce.rt  of  the  total 
electrons  are  consolidated  into  two  equal  bunches  w;tn  opposite  phiases, 
such  that  the  energv  given  up  to  the  circuit  wave  at  the  decelerating 
phase  region  is  at  the  same  rate  as  the  energy  absorbed  by  the  electrons 
from  the  circuit  wave  at  the  acceleratir.g  phase  regie: .  Therefore,  a 
cover  calarce  is  actually  formed  in  the  tube  At  even  higher  drive  levels, 
such  as  shown  in  Figs.  2.23e  and  f,  electrons  continue  to  bleed  from  the 
decelerating  ph.ase  bunch  to  the  accelerating  phase  bunch.  The  bunch  in 
the  acceleratir.g  phase  region  develops  further  into  two  parts.  One  part 
is  accelerated  ahead  into  a  new  spar,  and  another  falls  further  back  in 
phiase.  For  i  even  higher  drive  level,  the  pattern  becomes  too  compli¬ 
cated  and  is  utterly  indescribable. 

At  the  saturation  level,  most  electrons  are  in  two  bunches  in  the 
opposite  phases.  Thus  the  efficiency  of  the  tube  can  be  determined  very 
closely  by  the  velocities  of  the  electrons  in  the  two  bunches  provided 
that  all  the  kinetic  energy  lost  by  the  electrons  is  converted  into  rf 
energy  in  the  circuit  wave.  For  instance,  in  the  example  cited  in 
Fig.  2.23,  the  two  bunches  have  nearly  the  same  velocity  change  of  -1.1 
at  saturation  level,  i.e.. 


AV 


2VoC 


-1.1 
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Then  the  efficiency  of  the  tube  should  be  nearly 


FF  Power  Output 
DC  Power  Input 


AV 

=  —  =  -  2.2C 


where  C  is  Fierce's  gain  paraiaeter 

Therefore,  if  a  taper  is  properly  designed  to  increase  the  efficiency, 
then  at  saturation  the  velocity-pt:ase  pattern  at  the  output  end  of  the 
circuit  will  have  a  much  larger  value  of  AV/PV^C  for  the  two  bunches  with 
opposite  phases  than  that  obtainable  from  the  corresponding  untapered  tube, 
that  is,  a  uniform  circuit  tube  built  with  a  circuit  identical  to  that  used 
ir.  the  untapered  portion  of  the  tapered  tube 

In  order  to  understand  the  effect  of  the  circuit  taperi.ng  on  the  effi¬ 
ciency,  or  equivalently  on  the  velocity-phase  pattern,  let  us  consider  the 
change  in  the  phase  angle  due  to  circuit  pha^e  velocity  tapering.  Figure 
shows  a  time  vs  distance  plot.  The  phase  velocity  is  represented  by 
dz/dt  in  the  figure-  For  a  constant  phase  velocity,  such  as  in  a  uniform 
circuit  tube,  or  in  the  ’untaperei  part  of  a  tapered  tube,  the  phase  velocity 
can  be  represented  by  a  straight  line  with  constant  slope,  as  Vp^^  in 
Fig.  2.24,  which  represents  the  phase  velocity  of  the  untapered  part  of 
the  circuit.  When  reaching  the  tapered  part  of  the  circuit,  the  phase 
velocity  changes  to  a  lower  value;  therelrre,  the  slope  of  the  line  will 


also  be  changed,  such  as  the  change  in  the  v  line  shiown  in  the  figure 

P2 


(1) 


Since  Vt 


the  new  line  will  lie  below  that  of  the  v^ 


line. 


*pO  f  new  xt.iie  W.A.XX  xxe  uexvw  v*.c»^  t-ix  i/i  e 

When  the  phase  velocity  is  going  ttiTough  a  further  aecrease  in  value, 
the  slope  of  the  line  in  ^ig.  2.24  will  have  additional  chiamges.  For 


'P4 


,  the  changes  are  represented  in  Fig.  2.24, 


'Pi  'F2  'P3 

respectively. 

Due  lo  the  decrease  in  phiase  velocity,  Pierce's  velocity  parameter 
t  and  the  axial  phase  constant  3  will  also  have  consequential  changes. 


In  an  actual  tapered  tube,  the  phase  velocity  in  the  tapered 
region  will  not  have  the  abrupt  charges  as  shown  in  Fig.  2.24.  This  is 
because  the  clover-leaf  cavities  are  closely  coupled  together.  Hence 
the  change  in  phase  velocity  should  be  stnooth.  The  purpose  of  Fig.  2.2*+, 
however,  is  only  intended  to  serve  as  a  qualitative  illustration- 
Therefore,  by  representir:g  the  changes  as  shown  in  the  figure  it  does 
not  deteriorate  the  generality. 
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Time 


Distance  along  the  tapered  tube,  z 
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Hence,  to  an  observer  in  the  original  phase  velocity  frame,  the  change 
in  phaM  velocity  corresponds  to  a  shift  in  ptase  angle.  This  is  also 
represented  conceptually  by  the  small  waveforms  siiperimposed  on  the 
phase  velocity  line  in  Fig.  2.24.  It  can  be  seen  from  the  figure  that 
as  the  phase  velocity  is  decreased,  the  waveform  will  shdft  to  the  left 
in  the  original  phase  velocity  frame.  In  the  velocity-phase  diagram, 
a  decrease  in  circuit  phase  velocity  also  corresponds  to  a  shift  of 
circuit  field  to  the  left.  A  typical  example  is  shown  in  Fig.  2.25, 
which  represents  a  velocity  phase  diagram  viewed  at  the  junction  between 
the  uniform  and  tapered  portions  of  a  tube  at  a  certain  input  drive  level. 
However,  instead  of  circuit  voltage,  circuit  field  intensity  is  plotted. 
The  solid  line  denoted  by  E  is  the  field  Intensity  in  the  original  phase 
velocity  frame.  In  other  words,  it  forms  the  pattern  in  a  uniform  circuit 
tube  at  the  same  location  with  the  same  input  drive  level.  In  a  tapered 
tube,  the  electrons  can  only  see  a  retarded  field  shifted  to  the  left  of 
the  pattern  of  the  original  phase  velocity  frame,  indicated  by  the  broken 
line  marked  E'  in  the  figure.  Hence,  the  field  situation  in  the  beam 
will  be  altered.  For  instance,  at  the  phase  angle  just  to  the  right  of 
the  spur,  the  retardation  field  is  increased  due  to  the  shift  of  the  field 
as  shown  in  Fig.  2,25.  Therefore,  the  aforementioned  balance  between  the 
circuit  field  and  the  space -charge  force  can  no  longer  be  held,  and  a  net 
decelerating  field  will  result.  Consequently,  the  velocity  line  at  this 
phase  interval  will  be  moved  into  a  lower  velocity  region.  If  a  taper  is 
properly  designed,  the  electrons  in  the  main  bunch  will  be  decelerated 
into  lower  and  lower  velocity  regions  when  the  beam  travels  closer  and 
closer  to  the  end  of  the  tapered  tube.  Finally,  when  reaching  satiuration, 
the  two  bunches  of  electrons  in  opposite  phases  will  have  a  much  higher 
value  of  AV/2VqC  ,  euid  therefore  will  have  higher  efficiency. 

However,  a  proper  taper  is  very  difficult  to  obtain.  In  the  fol¬ 
lowing  paragraphs  we  will  consider  several  factors  which  complicate  the 
design  of  the  taper. 

Cutler  showed  in  his  paper^  that  when  the  space-charge  factor  QC 
increases,  the  electrons  in  the  beam  will  not  consolidate  into  a  short 
phase  interval,  such  as  in  the  case  shown  in  Fig.  2.26  for  QC  =  0.48 
at  saturation.  Thus,  when  the  beam  enters  the  taper,  we  encounter  a 
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•25 — Velocity  as  function  of  relative  phase, 
Where  E  is  uniform  circuit  field, 

E'  is  tapered  circuit  field,  and 
^/2V  C  is  relative  electron  velocity 
change. 
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FIG.  2.26— Phase-velocity  for  QC  =  0.^*8. 
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serious  problem  immediately  That  is,  even  he  electrons  rear  the  spur 
are  decelerated  Into  a  lower  velocity  region  and  the  right  hand  tip  of 
the  main  lunch  may  be  accelerated  into  a  higher  velocity  region.  In 
other  words,  even  though  some  of  the  electrons  lose  much  more  kinetic 
energy  to  the  circuit  wave  than  in  the  untapered  case,  other  electrons 
will  again  take  it  back  from  the  circuit.  Consequently,  the  efficiency 
may  not  be  improved  but  the  velocity -phase  pattern  will  be  much  disturbed. 

In  addition  to  the  space-charge  parameter  QC  ,  the  starting  posi¬ 
tion  of  the  taper,  the  rate  of  tapering,  and  the  length  of  the  taper  all 
play  vital  parts  in  the  successfulness  of  a  taper  Let  us  refer  back  to 
Fig.  2.23  If  a  taper  starts  too  soon,  for  instance  as  in  Fig  2.23b, 
we  will  run  into  a  similar  difficulty  as  in  the  high  QC  case.  And  if 
the  taper  starts  too  late,  such  as  in  Fig.  2.23c,  too  many  electrons  are 
already  in  the  accelerating  phase  region  Then  the  saturation  will  soon 
be  reached,  when  the  velocity  of  the  electron  bunch  in  the  decelerating 
phase  region  is  only  decreased  a  small  amount  The  efficiency,  therefore, 
can  only  be  improved  by  a  small  amount.  As  n«ntioned  earlier,  a  properly 
designed  taper  should  be  able  to  decelerate  the  electrons  into  lower  and 
lower  velocity  regions  In  other  words,  each  cavity  in  the  taper  should 
have  an  additive  effect  to  the  preceding  cavity  In  order  to  achieve 
such  a  taper,  the  rate  of  circuit  tapering  must  be  proper.  If  the  cir¬ 
cuit  tapering  is  too  slow,  the  balance  between  the  circ’uit  field  and  the 
space-charge  force  is  disturbed  so  little  that  hardly  any  improvement  on 
the  efficiency  can  be  accompli. -hed.  If  the  tapering  is  too  fast  the 
E-field  is  decreased  so  much  for  the  part  of  the  main  bunch  in  the 
decelerating  phase  that  the  space-charge  force  can  no  lor.ger  be  balanced 
out.  This  means  that  the  electrons  in  this  region  may  be  speeded  to  a 
higher  velocity,  thus  deteriorating  the  efficiency-  The  rate  of  tapering 
may  need  to  change  from  cavity  to  cavity,  since  the  velocity-phase  pattern 
will  be  changed  due  to  both  the  power  gain  and  the  circuit  tapering 
The  effect  of  the  length  of  the  taper  is  essentially  the  same  as  tlie 
starting  point  of  the  taper,  but  in  some  cases,  it  is  different,  for 
instance,  in  the  case  of  a  taper  designed  to  serve  more  than  one  purpose, 
such  as  to  improve  the  efficiency  and  the  stability 
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Circuit  tapering  for  improved  efficiency 
aentally  by  several  authors. However, 
author,  no  optimum  design  has  been  achieved. 


has  been  studied  experi- 
to  the  knowledge  of  the 


The  experimental  tapered  tube  studied  in  this  paper  is  used  mainly 
or  eliminating  the  pulse-edge  oscillations,  and  .he  tapering  in  the 
forward-wave  interaction  region  is  purposely,  made  small,  so  no  efficiency 
improvement  is  expected  from  this  tube. 
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CHAPTER  III 


DESIGN  OF  A  LINEARLY -TAPERED  TUBE 


A .  INTOODUCTION 

In  the  previous  chapters  various  tj'pes  of  circuit  tapering  have  been 
discussed,  and  their  effects  on  the  tube  perfonaance  have  been  predicted 
from  a  theoretical  point  of  view.  Tn  order  to  verify  these  predictions 
empirically,  a  tapered  tube  with  a  six-cavity  linearly-tapered  chain  was 
usee.  In  this  ci.apter,  the  design  of  this  tapered  circuit  as  well  as  the 
design  of  other  components  of  the  tapered  tube  are  given  in  more  detail- 
The  methods  used  to  measure  and  to  evaluate  various  parameters  are  also 
described  and  the  results  are  presented.  The  properties  of  this  tapered 
circuit  have  been  cited  in  earlier  sections  to  illustrate  various  effects 
of  circuit  tapering,  and  in  some  cases,  such  as  in  the  study  of  backward- 
wave  oscillations,  and  in  forward-wave  amplifications,  quantitative  estimates 
have  been  obtained. 

B.  TAEERED  CIRCUIT  DESIGN 

There  are  many  high-power  IVT  circuits  which  could  be  used  in  constructing 

a  tapered  tube  to  evaluate  the  effects  of  circuit  tapering  on  tube  performance 

However,  after  comparing  various  properties  of  these  circuits,  it  i  s  found 

that  the  well-known  clover-leaf  structure  has  several  advantages  over  the 

other  circuits.  An  obvious  one  is  that  this  circuit  has  a  comparatively 

simple  construction  and  a  very  simple  relationship  exists  between  its 

electrical  characteristics  and  its  physical  dimensions.  Tn  addition,  cold 

circuit  c'naracteristics  as  well  as  test  results  from  an  untapered  tube 

26 

i.uilt  with  such  circuits  ere  available  for  comparison. 

26 

In  an  earlier  work  of  Craig,  it  was  found  that  the  n-mode  cutoff 
frequency  f  of  the  clover-leaf  fundamental  passband  is  related  to  the 


central  aperture  diameter  of  the  structure  by  a  simple  cubic  equation 


f  -  k  +  qd^  ,  (3.1) 

71 

c 

where  d  is  the  central  aperture  diameter,  q  is  the  dimension  conversion  ! 

factor,  and  k  is  an  empirical  constant  with  dimension  of  frequency.  This 

27  * 

is  consistent  with  the  predictions  of  Bethe.  For  circuit  dimensions  ^ 

shown  in  Fig.  3.1,  k  was  found  to  be  328o  Mc/s.  On  the  other  hand, 

the  0-mode  cutoff  frequency  of  the  passband  is  related  to  the  slot  length 

S.L.  in  a  linear  manner,  shown  in  the  figure,  provided  the  change  is  made 

at  the  inner  end  of  the  slot.  A  general  example  of  such  a  v6U*lation  is 

shown  in  Fig.  3.2  which  was  measxired  from  a  structiure  consisting  of  several 

clover-leaf  cavities.  If  a  change  is  made  on  the  section  length,  then 

both  the  It -mode  and  0-mode  cutoff  frequencies  will  be  varied.  An  example 

of  such  a  variation  is  shown  in  Fig.  3-3  where  the  section  length  is 

decreased  successively  from  to  ,  and  the  0-mode  and  it-mode 

frequencies  are  pushed  further  apart.  Hence,  by  varying  these  three 

dimensions  properly,  a  prescribed  tapered  circuit  could  he  obtained. 

The  first  problem  encountered  in  the  course  of  desigpiing  the  experi¬ 
mental  tapered  tube  is  to  determine  the  kind  and  the  amount  of  circuit 
tapering  needed.  Since  the  main  purpose  of  this  tube  is  to  evaluate  the 
effect  of  circuit  tapering  on  the  pulse-edge  oscillations,  the  tai)erirjg 
scheme  shown  in  Fig.  2.5  (which  provides  both  upper  cutoff  frequency 
tapering  and  phase  velocity  tapering)  appears  to  be  an  adequate  one.  For 
ease  of  identifying  the  effect  of  circuit  tapering  from  tube  test  results, 
a  tapered  circuit  with  linear  changes  in  both  upper  cutoff  frequency  and 
cavity  heights  with  the  manner  shown  in  Fig.  2.5  is  desirable. 

In  the  study  of  electron  distribution  in  a  spent  beam  at  saturation 

20 

level,  Yadavalli  showed  that,  for  a  uniform  circuit  TW  built  with 
cavities  identical  to  the  untapered  cavities  used  in  the  linearly  tapered 
tube,  the  electrons  in  a  saturated  electron  beam  have  a  distribution  in 
velocity  as  shown  in  Fig.  3.^.  The  electron  velocities  in  the  figure 
are  indicated  by  beam  voltages  which  are  normalized  to  the  injection  beam 
voltage,  Vq  ,  which  is  125  kV  in  this  case. 

From  this  distribution  one  can  see  easily  that  at  the  saturation  level 
most  of  the  electrons  in  the  beam  possess  a  velocity  corresponding  to  0.63  . 
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cavity  length  =  3/*+  in. 
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FIG.  3.1--TypiGal  untapered  cavity  for  linear  tapered  Twr.  with 
d  3/4  in.,  cavity  length  =  3/'^  In. 


700 


(oas/ow)ps3uBqoxm  ^ooanbajj  apoci-jt  q-JT*  qqppipuBg 

-  66  - 


-  67  - 


FIG.  3.3 — Variation  in  cn-P  diagram  as  cavity  length  changes. 


VELOCITY  DISTRIBUTION  IN  A  SPENT  BEAM 

AT  SATURATION 


FIG.  3. ^♦--Velocity  dintrlbtuion  in  a  spent  beam  at  saturation.  All  beam  voltages  in  the  figure  are 
normalized  to  the  operating  beam  voltage  at  125  kV. 


If  a  similar  situation  exists  in  the  tapered  tube  and  the  velocity  spread 
of  nearly  the  same  order  is  maintained,  then  by  tapering  the  phase  velocity 
in  the  forward-wave  region  of  the  clover-leaf  structure  down  to  this  value 
at  synchronous  frequency,  the  forward-wave  interaction  could  be  enhanced 
due  to  the  Improvement  of  synchronism  conditions  near  satm'ation.  But, 
at  the  pulse-edge  oscillation  frequencies,  the  circuit  phase  velocity 
should  be  tapered  more,  such  that  the  circuit  wave  is  slowed  more  than 
the  beam,  and  the  interaction  for  pulse-edge  oscillations  becomes  so  weak 
that  oscillation  can  not  be  built  up  as  discussed  in  Chapter  II. 

In  the  actual  linearly  tapered  circuit  design,  the  desired  circuit 
tapering  is  achieved  by  changing  the  dimensions  of  the  central  aperture, 
the  cavity  height,  and  the  slot  length  of  the  clover-leaf  structure.  By 
enlarging  the  central  aperture  successively,  the  upper  cutoff  frequency  of 
the  fundamental  passband  is  increased  by  a  total  amount  of  100  Mc/s  for 
the  aix-cavlty  linear  taper,  at  a  constant  rate  of  Increase  of  I6.67  Mc/s 
per  cavity.  The  cavity  height  is  decreased  from  the  untapered  value  of 
3/^  in.  successively  to  a  final  value  of  5/8  in.  as  shown  in  Fig.  3.5* 

The  total  decrease  is  about  l6.7  percent  of  the  original  cavity  height. 

At  the  same  time,  the  slot  length  is  decreased  successively  in  order  to 
maintain  the  lower  cutoff,  or  the  0-mode  frequency  at  the  same  value  for 
all  cavities  in  the  taper,  for  the  reasons  already  stated  in  Chapter  II. 

By  making  the  above  dimension  changes,  a  six-cavity  taper  with  a  dispersion 
in  Fig.  2.5  is  achieved.  The  measured  u>-B  diagram  and  the  cube  root  of 
interaction  impedance,  E  /2pp  ,  are  shown  in  Figs.  2.7  and  2.8,  respectively. 

C.  "COID"  CIRCUIT  MEASUROENTS^^  AND  EVAUJATICW  OF  PARAMETERS 

In  the  measurement  of  the  ’’cold”  circuit  characteristic  of  a  tapered 
slow-wave  structure,  the  conventional  cold  test  measurement  techniques 
can  no  longer  be  used  because  the  periodicity  requirement  necessary  for 
the  application  of  these  techniques  is  not  fulfilled  any  more  in  the 
tapered  circuit  case.  However,  for  a  smooth  and  gradually  tapered  circuit, 
a  good  approximation  can  be  obtained  by  interpolating  the  results  from 
the  measurements  made  Dy  considering  each  cavity  of  the  tapered  circuit 
discretely.  In  practice,  such  results  can  be  obtained  by  measuring  the 
characteristics  of  structures  consisting  of  cavities  identical  to  each  of 
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the  tapered  ^av;t:e.'^  by  the  _3ual  :.r.- i'crrt  •'ircuit  techniques .  Figure  2.  iu 
shows  such  r.easures^en*  for  the  -unearly  teper'^d  circuit  herein  proposed. 

The  u>-&  diagram  r::arked  "input"  is  .measured  from  a  structure  consisting 
of  six  cavities  Id-  'leal  ‘-ith  t;.e  .ustaoor'^d  cavities  of  t..etuce.  ■-•;.e:eas 
the  "output"  curves  ar-  ontained  fro~  another  struct..re  consistl.nr  o:  tlx 
cavities  identical  to  tne  last  cavity  in  t.ne  tapered  circuit  Tr.ese  two 
sets  of  curves  form  the  upper  and  lo'wer  bounds  lor  the  ciiaracterist .  -s  of 
ail  the  tapered  cavities.  In  other  worus.  any  Interr.ediate  cavity  s.toulc 
have  a  sinliar  dispersion  curve  lying  so-tewhere  between  these  two  extrerr.es 
In  order  to  check  the  linearity  of  the  tapereu  circuit,  structures  aade 
of  identical  intermediate  tapered  cavities  have  been  measured.  The  results 
from  such  measurements  showed  good  ..inearlty  of  this  taper 

The  phase  velocity  normalized  to  the  electron  velocity  at  the  normal 
operating  voita.ge  of  lay  >V  of  tne  fcrward-'».ave  and  the  backwaro-wave  of 
the  "input"  and  "output"  curve  as  a  fuiction  o:'  frequency  in  the  f-.ndamental 
passband  is  shown  in  Fig  3.'-.  fhe  velocity  distribution  curve  of  Fig 
..G  also  reproduced  and  superimposed  on  the  fig'ure,  so  that  one  can  easily 
compare  the  electron  velocity  spread  in  the  satura.,ed  beam  with  the  phase 
velocity  at  the  s;>Tichronous  frequency  corresponding  to  12^  kV.  However, 
attention  must  be  given  to  making  the  comparison  in  the  figure,  since 
the  abscissa  represents  different  things  for  these  two  families  of  curves. 
For  a  quantitative  comparison  of  the  phase  velocity  in  the  forward -wave 
and  the  backward-wave  regions  of  the  fundamental  passband,  the  total  change 
of  phase  velocity  through  the  tapered  circuit  as  a  percentage  of  the  phase 
velocity  in  the  unlfo.nt  circuit  for  both  waves  is  plotted  as  a  function  of 
frequency  in  Fig.  3  "•  It  can  be  seen  from  this  figure  tliat  the  phase- 
velocity  tapering  for  the  backward-wave  increases  linear ip  as  the  frequency 
approaches  the  n-mode  cutoff  frequency  of  the  uniform  circuit.  Such  a.t 
increase  in  r-iiase  veiocltp'  tapering,  as  analyzed  in  Cnapter  IT,  should 
have  a  pronounced  effect  on  the  backward-wave  oscillations  which  us’ually 
exist  i:i  this  frequency  region  in  a  uniform  circuit  case-  In  the  mid-band 
frequencies  of  the  forward-wave  fundamental  passband,  ‘he  pliase-vei ocity 
tapering  is  nearly  constant  with  frequency,  consistent  with  the  design 
value  previously  discussed  This  resu..t  indicates  tnat  tne  forward-wave 


interaction  of  tr.e  tube  may  be  en.hanced  in  this  band  ot 
the  tapered  circuit 


?quenc:es  by 


"1 


FIG.  3. 6--Freq!iency  and  electron  percentege  at  saturation  as  functions  of  normalized  phase 
velocity.  All  the  phase  velocities  ure  norm^illzed  to  beam  velocity  at  125  kV, 


Backward  wave 


FIG.  3. 7 --Phase  velocity  taperlnc  tor  both  the  forward  and  the 
backward  wave  as  a  function  of  frequency. 


The  frequency  perturbations  measured  in  structures  consisting  of 
identicaJ.  untapered  cavities  and  of  identical  cavities  the  same  as  the 
last  cavity  in  the  tapered  circuit  are  shown  in  Fig.  3.8.  These  results 
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aie  obtained  by  the  usual  perturbation  techniques.  ’  * 

A  uniform  sapphire  rod  of  0.100  in.  diameter  was  used  to  perturb  the 
axial  E-field  In  a  structure  consisting  of  several  identical  cavities. 

The  frequency  perturbation  so  obtained  and  the  values  calculated  at 

the  edge  of  the  central  aperture  of  the  clover-leaf  circuit  are  normalized 
to  the  corresponding  mode  resonant  frequencies  f  ,  and  are  plotted  vs 
frequency  in  the  figure.  These  two  sets  of  curves,  marked  "input”  ajid 
"output,”  respectively,  again  form  the  upper  and  lower  bounds  of  all  the 
values  obtainable  from  the  intermediate  cavities  in  the  taper.  The 
calculation  of  the  frequency  perturbation  at  the  edge  of  the  central 
aperture  is  made  because  the  diameters  of  these  apertures  are  progressively 
increased  as  one  proceeds  toward  the  end  of  the  tapered  tube.  It  is  more 
reasonable  to  compare  the  fields  at  this  position  because  the  electron 
beam  normally  spreads  at  high  modulation  levels  and  will  always  nearly 
fill  the  holes.  One  may  note  from  this  figure  that  the  difference  in 
frequency  perturbation  between  "input"  and  "output"  curves  is  not  great. 
Therefore  the  effect  on  the  gain  peurameter,  C  ,  is  small  since  the  cube 
roots  of  ^/f  are  involved  in  obtaining  this  parameter. 

From  these  frequency  perturbation  measuremants,  and  the  (d-P  diagrams 
shown  In  Fig.  2.12,  various  TWT  small-signal  parameters  can  be  deduced 
for  the  untapered  cavities  and  the  last  cavity  in  the  tapered  circuit. 

These  two  sets  of  parameters  will  again  form  the  lower  and  upper  bounds 
for  the  parameters  of  the  intermediate  cavities  in  the  taper.  The  detailed 
procedure  for  evaluating  these  parameters  will  be  presented  in  the  Appendix. 
A  summary  of  the  computational  results  is  given  in  Table  III.l,  where  b 
is  the  velocity  parameter  which  is  defined  as 
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Uq  Is  the  beam  velocity,  and 
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The 


-  7^  - 


ir\ 


OJ 


o 


On 

OJ 


CO 

cu 


CJ 


c 


r>i 

O 

c 

o 

& 

u 


O 


Firt.  3.6 — Af/f  >9  freqiu  ncy  fo»“  tjf  * 


TABI£  III.l 

3<ALL-SIGNAL  circuit  parambters 
CF  LINEARLY  TAPERED  CIRCUIT 
AT  BEAM  VOLTACT  120  kV 
(Constant  beam  velocity) 


Untapered 

Cavities 

f 

2822 

2977 

3187 

3295 

C 

0.27 

0.18 

0.14 

0.13 

ac 

0.065 

0.19 

0.24 

0.22 

b 

-0.72 

0.12 

1.55 

1.92 

BC/section 

3.46 

2.50 

1.96 

1.55 

Cavities  Identical  to 

the  last  Cavity  of  the  Tapered  Circuit 

f 

2822 

2977 

3187 

3295 

C 

0.283 

0.15 

0.107 

0.1 

ac 

0.04 

0.136 

0.255 

0.28 

b 

0.265 

-1.03 

-2.52 

-3 

BC/section 

3.8 

0.9^ 

0 

0 
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QC  Is  the  space  charge -pararseier  defined  as 


a>  /ui 
1  +  0)  /ti) 

q 


where  cu 


q 

defined  as 


is  the  modified  plasma  frequency,  and  BC  is  the  gain  parameter 


3  =  p4,6 

D.  TAPERED  TUBE  CCMPONEOTS  DESIGN 

Two  versions  of  a  linearly  tapered  tube  have  been  tested.  The  first 
version  consisted  of  sixteen  untapered  cavities  and  six  linearly  tapered 
cavities.  The  slow-wave  structure  was  severed  at  the  middle  by  means  of 
an  attenuator  and  decoupling  plate  as  shown  in  Fig.  3* 9-  The  attenuator 
disks  were  made  from  carbonized  ceramics  and  when  used  in  conjunction 
with  a  special  housing  provided  a  good  termination  to  the  circuit  over  a 
broad  freqviency  range.  The  structure  on  the  left  in  Fig.  3.10  is  one  of 
the  two  matching  structures,  or  the  housings  at  each  side  of  the  sever. 

The  one  shown  on  the  right  is  the  carbonized  ceramic  disk  and  decoupling 
plate  assemblage.  The  drift  tube  shown  in  the  center  of  the  structure  is 
also  used  to  prevent  direct  beam  bombardment  on  the  ceramic  disks.  This 
sever  and  network  divides  the  tube  circuit  into  two  isolated  parts  as 
shown  in  Fig.  3-9;  the  input  part  consists  of  eleven  untapered  cavities 
and  the  output  part  consists  of  five  untapered  and  six  linearly  tapered 
cavities.  Also  Indicated  in  the  figure  are  the  cavities  attenuated  by 
lossy  rods  and  Kanthal,  a  lossy  metal,  which  has  been  sprayed  on  the  inner 
surfaces.  The  lossy  rod  provides  more  attenuation  in  the  higher  passbands 
than  in  the  fundamental.  For  the  second  higher  passband  near  5^00  Mc/s, 
a  cavity  loaded  by  four  of  these  rods  provides  1.7  db  loss  as  compared  to 
0.4  db  loss  in  the  amplification  band.  The  construction  of  such  a  cavity 
is  shown  in  Fig  ^11  In  addition,  Kanthal  is  sprayed  over  cavities  to 
minimize  any  reflection  from  either  the  rodr;  or  from  the  disk  termination 
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Kanthal  Sprayed  Cavities 
Carbon  Rod  Loaded  Cavities 


FIG.  3.9‘~I3istribution  of  ioss  in  tapered  TWT, 
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FIG.  3. 10--Cloverleaf  termination  and  housing.  (10  MW  TWT) 
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FIG.  J.l]--Mc)de  loading  ceramic  rode  10  mW  TWT. 


at  the  sever.  The  first  verclor.  of  thic  amplifier  was  later  nodlfled  by 
the  addltior.  of  eight  nore  .r.taperei  tavlties  The  original  aodel  was 
de*ountatj.e  so  tne  modification  was  achieved  simply  cy  inserting  a  middle 
section,  consisting  of  eight  cavities  identical  to  tnose  comprising  the 
input  section,  and  an  additional  sever  section  between  this  and  the  output 
section  of  the  original  tube.  However,  the  input  section  was  one  cavity 
less  than  the  original  because  the  input  coupler  was  replaced  in  the 
seco.nd  version.  The  p'urpose  of  the  additioral  eignt-cavity  section  was 
simply  to  boost  the  sma^ 1-signal  gain  of  the  amplifier,  and  hence  there 
was  no  need  to  change  in  the  tapered  circuit  A  schematic  diagram  of 
the  modified  version  :r  .'howr;  in  Fig  3-12  with  relevant  attenuators 
indicated. 


Different  parts  of  the  slow-wave  circuit  in  the  tube  are  joined  by 
demountable  junctions  at  the  severs.  That  is,  instead  of  brazing  together 
the  different  parts  of  the  tapered  tube,  they  ere  joined  together  by  com¬ 
pression  only,  which.  Is  provided  by  four  tension  bars  outside  the  circuit. 
These  junctions  were  expected  to  be  no  different  from  that  or  ordinary 
brazing  joints  from  an  electrical  point  of  v'ew  because  they  are  located 
at  the  sever  sections,  so  little,  if  any,  rf  current  appears  across  them. 

In  order  to  secure  good  vacu'um  press'ure,  a  stainless  steel  envelope  was 
provided  which  enclosed  the  slow-wave  circuit  and  was  heliarc-welded  to 
each  end  of  the  circuit  Tne  demountable  construction  permitted  the  taking 
apart  and  re-assembiy  of  the  tube  with  ease,  such  that  any  nodificetior.  of 
one  part  of  the  circuit  could  be  made  easily  without  disturbing  the  rest 
of  the  circuit  Furthermore,  the  collector  and  the  electron  gun  were  also 
joined  to  the  slow -wave  circuit  by  heliarc-we'dc ,  and  could  be  easily 
removed  and  replaced. 

The  inp’jt  coupler  of  the  tapered  t’ube  was  designed  to  provide  a  matched 
transition  between  the  type-H  input  coaxial  cable  and  the  input  section  of 
the  t'ube  circuit  over  the  entire  fundamental  r^assband  of  the  untapered 
cavities  which  comprises  tne  input  part  of  t;;e  tube  circuit.  It  was  made 
small  eno'ugh  to  pass  through  the  focusing  solenoid  This  coupler  consists 
of  essentially  a  ierg’th  of  symmetrica,  modified  Y-shaped  coaxia.  line  and 
relevant  matching  beads  and  strips.  A  simplified  s.’tetch  of  such  an  input 
coupler  is  shown  in  Fig.  ;  . ,  although  not  In  the  exact  proportion-  The- 
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with  a  cutoff  frequency  of  4100  Mc/s.  It  can  be  seen  that  the  higher 
passband  oscillation  at  5640  Mc/s  is  filtered  out,  and  the  remaining 
spikes  are  the  oscillations  of  the  lower  passband.  Figure  4.2c  shows 
the  wavefornK  obtained  directly  frcMn  the  input  end.  Note  that  one  can 
see  both  the  incident  rf  pulse  and  the  reflected  oscillations  though 
the  directional  coupler.  Compared  with  Fig.  42a,  these  waveforms  show 
sane  discrepancies.  An  obvious  CHie  is  that  the  higher  passband  oscillation 
does  not  appear  in  the  input  end  of  the  tube.  This  means  that  the  oscil- 
laticm  exists  in  the  output  section  of  the  tapered  tube  only.  Another 
discrepancy  is  that  the  pulse-edge  osclUatlons  appear  with  different 
shapes  when  viewed  from  different  ends  of  the  tube.  This  is  because  the 
oscillation  pulse  conteilned  many  frequencies  and  the  tube  anpllficatlon  is  a 
function  of  frequency.  That  is,  the  beam  modulation  by  these  oscillations 
by  the  rest  of  the  tube  are  both  different  for  different  frequencies.  In 
addition,  the  coupling  through  the  directional  couplers  is  also  a  function 
of  frequency.  The  osciUaticxis  observed  from  the  output  end,  i.e.,  the 
amplified  osclllatlcms,  therefore  appeared  with  different  shapes  than 
those  observed  from  the  input  end  of  the  tube.  However,  when  the  oscil¬ 
lation  frequencies  were  carefully  measured,  it  could  be  found  that  when¬ 
ever  there  was  a  frequency  at  the  output  end,  the  same  frequency  could 
always  be  found  simultaneously  at  the  input  end  at  exactly  the  same 
relative  position  cm  the  voltage  pulse,  i.e.,  at  the  same  beam  voltages. 

In  other  words,  the  oscillations  observed  from  the  two  ends  of  the  tube 
were  actually  the  same  oscillations  since  they  were  of  the  same  frequencies 
at  the  same  beam  voltages  and  appeared  at  the  two  ends  of  the  tube 
simultaneously.  The  middle  section  of  the  tube,  as  meni:ioned  in  Chapter  III, 
was  designed  short  enough  such  that  no  independent  oscillations  could 
build  up  '.here,  as  can  be  shown  both  from  theoretical  computations  and 
from  earlier  empirical  results  of  untapered  tubes  built  with  the  same 
unta^ored  cavities.  Therefore,  from  these  data  and  from  the  reasoning 
given  in  Section  B  of  this  chapter  the  pulse-edge  oscillations  could 
only  exist  in  the  input  section  of  the  tapered  tube. 

Unlike  the  one-sever  tube  case,  the  pulse-edge  oscillations  existing 
in  the  input  section  ccmld  no  longer  be  stopped  by  adjusting  the  available 
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FIG.  3.1^--VG^VR  vs  frequency  for  Input,  and  output  coupler: 
iisaembied  ampLlfl»^r. 
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and  unt.apered  structiires 


previously.  The  results  of  the  VSWR  measurement  are  superimposed  on  the 
results. obtained  from  step  one  in  Fig.  3.l6.  It  can  be  seen  from  this 
figure  that  mismatch  now  exists  above  the  untapered  upper  cutoff  frequency 
at  337^  Mc/s.  The  reason  for  this  mismatch  is  that  each  succeeding  cavity 
In  the  tapered  chain  has  a  dispersion  curve  cutoff  at  successively  lower 
frequencies  as  one  proceeds  away  from  the  output  coupler  toward  the  input 
end  of  the  tube.  Hence,  at  frequencies  higher  than  that  of  an  untapered 
upper  cutoff  frequency  the  rf  field  initiated  at  the  output  coupler  can 
only  propagate  a  short  distance,  less  than  or  equal  to  the  tapered  circuit 
length  towardthe  input  end  of  the  circuit,  and  the  reflection,  or  reflections, 
of  waves  so  produced  inside  the  tapered  circuit  makes  continuous  matching 
impossible  for  more  than  spot  frequencies.  However,  as  mentioned  in 
Chapter  II,  when  the  beam  voltage  sweeps  through  this  frequency  region 
each  tapered  cavity  will  synchronize  at  different  frequencies  and  different 
beam  voltages;  and  because  of  the  rapid  change  in  interaction  Impedance 
and  phase  constant,  the  tendency  for  oscillation  at  these  frequencies  is 
expected  to  be  small  although  the  reflections  eure  high.  These  high  reflec¬ 
tion  coefficients  are  outside  the  passband  of  the  untapered  cavities  which 
comprise  the  major  peurt  of  the  tube  and  determine  the  bandwidth  of  amplifica¬ 
tion.  Unfortunately,  during  the  brazing  process,  the  matching  changed  to 
seme  extent  so  that  the  high  reflections  began  at  30  Mc/s  below  the  upper 
cutoff  frequency  of  the  untapered  cavities  as  shown  in  Fig.  3.1^.  Elsewhere 
the  VSWR  within  the  passband  is  below  2:1. 

A  slanted  ceramic  output  window  of  an  existing  design  was  used  in  this 
tube.  It  was  well-matched  over  the  entire  fundamental  passband  with  reflec¬ 
tion  coefficient  never  exceeding  15  percent.  Its  power  handling  capacity 
was  above  the  2  to  3  megawatt  range  anticipated. 

The  electron  gun  used  was  purchased  from  Litton  Industries,  and 
provided  a  3/^  in.  diameter  beam  with  a  perveance  of  almost  2  x  10  ^  . 
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A  INTRODUCTION 


CHATTER 


TAPERED  T’JES  PERFORMANCE 


As  described  Ir.  Chapter  III  a  linearly  tapered  tube  was  designed 
and  constructed  in  order  to  evaiaate  tne  theoretical  predictions  made  i:. 
Chapter  1 1  In  this  chapter  the  tent  result,  of  such  a  tube  are  given 
Two  versio.ns  of  the  tapered  tune  were  us-cd  In  t..e  test  The  first 
was  built  with  one  sever  which  divides  tne  *ube  at  tne  center  into  two 
isolated  sections  Tiie  input  section  of  tne  tube  consists  of  eleven 
untapered  clover-leaf  cavities,  and  the  output  section  consists  of  five 
untapered  cavities  and  the  six-cavity  linearly  tapered  circuit  as  mentioned 
previously  The  second,  a  modification  of  the  first,  was  almost  identical 
except  for  the  addition  of  another  sever  and  an  eight-cavity  untapered 
middle  section  between  the  input  and  output  sections  The  originsil  input 
section  was  shortened  from  11  to  10  cavities,  because  of  the  replacement 
of  the  input  coupler 

The  test  results  from  the  one-sever  tube,  i  e  ,  the  first  ver.sion  of 
the  tapered  tube,  are  given  in  the  following  section,  but,  due  to  the  lach 
of  sufficient  gain  In  this  version  of  the  tube,  the  effect  of  circuit 
tapering  could  not  be  clearly  determined,  and  therefore  the  results  arc 
inconclusive  The  addition  of  a  middle  section  to  this  tube  results,  in 
a  two-sever  amplifier  which  shows  a  great  improvement  in  gain  and  the  test 
results  distinctly  reveal  the  effect  of  circuit  tapering 

Comparison  of  the  test  results,  with  pre\ious  theoretical  predictions 
shows  close  agreement  This  not  only  prove.;  the  e.xistence  of  such  effects,, 
but  also  validates  to  .,ome  extent  the  methods  used  in  predictl.,g  them. 
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B.  PERF(»MANCE  OF  AN  AMPLIFIER  WITH  ONE  SEVER 


In  this  first  version  of  the  linearly  tapered  tube,  the  input  section 
was  purposely  designed  long  enough  to  give  pulse-edge  oscillations  when 
the  beam  is  defocused  slightly  so  that  the  beam  diameter  is  increased  to 
more  nearly  fill  the  drift  tube.  Therefore,  by  adjusting  the  focusing 
magnetic  field  at  the  input  section  of  the  tube,  the  pulse-edge  oscilla¬ 
tions  in  this  region  of  the  tube  ceui  be  started  or  stopped  quite  readily. 

The  location  of  the  oscillations  in  the  tube,  on  the  other  hand,  can  be 
determined  by  employing  the  unidirectional  behavior  of  the  rf  fields 
through  the  sever.  That  is  whenever  the  oscillations  exist  in  the  out¬ 
put  section  of  the  tube,  they  will  not  propagate  through  the  sever  in  any 
appreciable  amplitude  and  thus  they  appear  at  the  output  end  of  the  tube 
only.  However,  oscillations  which  occur  in  the  input  section  of  the  tube 
will  modulate  the  electron  beam,  and  hence  will  induce  rf  fields  in  the 
output  section  and  are  amplified  in  the  rest  of  the  tube.  Therefore, 
they  will  appear  at  both  the  input  and  output  ends  of  the  tube  simultane¬ 
ously.  iU.though  the  sever  terminates  the  rf  circuit  fields  equally  well 
in  both  directions,  the  propagation  of  the  oscillations  can  only  be  stopped 
in  the  direction  opposite  to  that  of  the  electron  flow  by  the  sever.  There¬ 
fore  the  location  of  oscillations  can  be  clearly  determined. 

Unfortunately,  it  was  found  after  the  tube  was  built  that  a  piece 
of  porous  copper  was  used  in  constructing  the  input  window  and  coupler. 

The  resulting  leakage  of  air  tended  to  poison  the  cathode;  therefore, 
only  limited  observations  could  be  made  on  this  tube  during  the  short 
period  that  the  cathode  remained  active. 

Under  normal  operating  conditions,  no  pulse-edge  oscillations  could 
be  observed  from  either  end  of  the  tube.  However,  when  the  beam  was 
slightly  defocused,  pulse-edge  oscillations  of  identical  frequencies 
appeared  simultiineously  on  both  input  and  output  ends  of  the  tube,  and 
always  occvirred  at  the  same  relative  positions  on  the  voltage  pulse. 

Since  at  the  edges  of  the  voltage  pulse  the  beam  voltage  sweeps  through 
all  values  between  zero  and  full  operating  vedue,  each  position  on  the 
pulse-edge  corresponds  to  a  particular  beam  voltage.  This  means  that 
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oscillations  with  the  same  frequency  observed  from  the  two  ends  of  the 
tube  actually  exist  at  the  seune  beam  voltage  The  typical  waveforms  of 
the  detected  rf  output  from  the  tube  are  shown  in  Fig.  4.1.  The  waveform 
shown  on  top  in  the  figure  was  obtained  from  the  input  end  of  the  tube. 

The  large  square  pulse  shown  in  the  center  of  the  waveforms  is  the  rf 
signal  imlse,  and  the  narrow  ones  on  the  two  sides  are  the  pulse-edge 
oscillations  existing  at  the  edges  of  the  voltage  pulse.  By  carefully 
examining  the  oscillation  frequencies,  one  could  find  that  tnese  oscilla¬ 
tions  were  distributed  in  an  orderly  fashion  according  to  their  frequencies, 
with  the  highest  frequency  of  3375  Mc/s  located  at  the  innermost  position 
corresponding  to  the  high3f-t  beam  voltage,  and  the  lov/er  frequency  oscilla¬ 
tions  toward  the  two  ends  of  the  voltage  pulse  corresponding  to  lower 
beam  voltages.  The  same  frequency  can  always  be  found  at  the  same  relative 
position  on  the  voltage  pxilse  on  the  input  and  output  waveforms.  The 
frequency  content  of  the  pulse-edge  oscillations  was  found  from  the  lowest 
value  of  3276  Mc/s  to  the  highest  value  of  3375  Mc/s.  No  distinct  oscil¬ 
lation  whatsoever  could  be  made  to  appear  at  one  end  of  the  tube  only, 
even  if  the  beam  focusing  was  radically  changed.  Therefore  it  appears 
that  these  oscillations  exist  in  the  input  section  of  the  tube  only. 
Unfortunately  the  gain  of  this  amplifier  was  somewhat  lower  than  expected, 
and  the  tube  could  not  be  satxirated  with  available  drive  power,  so  the 
lack  of  Independent  pulse-edge  oscillations  in  the  output  section  of  the 
tube  could  be  interpreted  as  the  consequence  of  insufficient  gain  in  the 
output  section  due  to  incorrect  design  of  the  tapered  circuit  equally 
as  well  as  to  the  effect  of  circuit  tapering.  The  results  are  therefore 
inconclusive. 

When  the  electron  beam  was  defocused,  an  oscillation  at  a  fixed 
frequency  of  5640  Mc/s  could  be  observed  from  the  output  end  of  the  tube. 
This  oscillation  belonged  to  the  second  highest,  or  TM^^  passband,  and 
was  believed  due  to  forward -wave  interaction  and  high  reflections  at  both 
the  output  coupler  emd  the  attenuator  since  they  were,  in  general, well 
matched  for  the  fundamented.  passband  frequencies,  but  not  for  this  higher 
frequency  range.  More  discussion  concerning  this  oscillation  will  be 
given  in  Section  C. 
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was 


‘-he  jr.o.':  r  r.od  *-:.e  en^noae  of  the  one  sever  tube  remained 

ive,  the  typical  sr^i’ -signal  gain  at  rJ.d*band  frequencies;  near  3^^^^  Mc/s 
atcut  11  to  c;  and  tne  pea.-;  rover  output  for  these  irequencies 
at  nor.ral  operating  voitage  at  121  27  vas  1  1  megawatts,  which  corresponded 
to  an  efficienty  of  11  percent  The  beam  transmission  was  about  85  percent 
with  a  magnetic  focusing  field  of  1  p  times  that  required  for  Erillouin 
flow  in  an  untaperel  tu:‘ 

C.  TEST  RESULTS  FROM  AMPLIFIER  WITH  TWO  SE/ERS 

1  Observations  of  the  Tube  Oscillations 

The  modified  version  of  the  tapered  tube  showed  a  similar  oscillation 
pattern  as  in  the  earlier  version  except  that  the  higher  passbiand  oscilla¬ 
tions  were  more  serious  in  this  version  than  in  the  first.  The  gain  of 
the  untapered  portion  of  this  tube  was  greatly  increased  The  effect  of 
circuit  tapering  could  therefore  be  more  clearly  determined. 

Several  methods  of  identifying  the  oscillations  were  tried.  The  most 
successful  one  was  that  of  following  the  formation  of  each  oscillation 
For  instance,  in  studying  the  lower  passband  pulse-edge  oscillations, 
the  beam  voltage  was  increased  slowly  from  a  value  low  enough  to  insure 
that  the  tube  was  not  oscillating  As  the  team  voltage  increased,  the 
first  oscillation  appeared  at  a  beam  voltage  equal  to  60  kV  and  beam 
current  at  1*-  3  smp  witn  oscillation  frequency  of  3276  Mc/s.  This  oscilla¬ 
tion  occupied,  at  first  S;  small  portion  of  the  top  of  the  voltage  pulse, 
and  could  be  observed  on  noth  input  and  output  ends  simultaneously  at  the 
same  relative  position  on  the  voltage  pulse.  As  the  beam  voltage  was 
increased  new  oscillations  with  higher  frequencies  were  created  The 
highest  frequency  corresponding  to  the  highest  beam  voltage  was  always 
located  in  the  center  of  the  pulse,  and  the  lower  frequencies-  corresponding 
to  lower  beam  voltages  were  pushed  to  the  two  sides  and  distributed  in 
monotonically  decreasing  orde:  according  to  their  frequencies  The  rc-ason 
for  such  distribution  can  be  easily  understood  from  the  dispersion 
characteristicj  of  the  .'^low-wave  structure  This  process  of  formation 
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continued  until  the  bean  voltage  reached  98  kV.  For  beam  voltages  above 
this  value,  no  additional  oscillation  frequencies  in  the  lower  passband 
could  be  obtained,  and  the  rectified  waveform  was  divided  into  two  groups 
located  symmetrically  on  the  two  edges  of  the  voltage  pulse.  Each  one 
of  the  two  groups  po.ssessed  almost  the  same  frequency  content  from  y2'j6  Mc/s  to 
3375  Mc/s  and  appeared  on  the  pulse-edges  in  the  form  of  irregular  peaics  The 
dlstributicxi  of  the  oscillation  frequencies  was  still  maintained,  with 
the  higher  frequencies  always  occurrihg  nearer  the  center  of  the  voltage 
pulse,  l.e.,  at  higher  beam  volteges,  as  before.  V?hen  the  operating  beam 
voltage  was  increased  further,  the  beam  voltage  swept  through  a  wider 
voltage  range  in  the  same  transient  time  intervals  at  the  pulse-edges. 

The  frequency  content  in  the  leading  edge  oscillation  decreased.  But 

the  frequency  content  in  the  falling  edge  oscillation  always  covered 

the  same  range.  The  reason  for  this  effect  is  because  the  time  for  the 
beam  voltage  to  sweep  through  the  pulse-edge  oscillation  region  was  too 
short  for  some  of  the  oscillation  to  build  up  at  the  lesuiing  edge.  Since 

the  transient  time  at  the  falling  edge  of  the  voltage  pulse  is  usually 

long  the  time  was  still  long  enough  to  pennit  all  the  oscillations  to 
start. 

For  beam  voltages  exceeding  100  kV  a  higher  passband  oscillation 
at  a  fixed  frequency  of  Mc/s  could  be  observed  at  the  output  end 

of  the  tube  only  This  oscillation  was  much  stronger  in  this  tube  than 
it  was  in  the  cingle-sever  tube.  However,  it  did  not  exist  in  the  presence 
of  sufficient  rf  drive,  and  thus  it  did  not  interfere  with  other  measurements. 

Typical  waveforms  of  tube  oscillations  observable  from  thei input  and 
output  ends  of  the  tube  under  normal  operating  conditions  are  shown  in 
Fig.  ii.2a,b,c.  The  waveforms  were  photographed  from  an  oscilloscope 
for  a  beam  voltage  of  lUO  kV.  In  Fig.  U.2a  the  waveform  was  obtained 
directly  from  the  output  end.  The  square  pulse  in  the  center  is  the 
amplified  input  rf  pulse.  The  two  strong  oscillation  pulses  adjacent 
to  each  side  of  the  rf  pulse  are  the  higher  passband  oscillations  at  a 
fixed  frequency  of  ^(ikO  Mc/s.  Further  from  the  two  sides  are  the  aforemen¬ 
tioned  lower  passband  pulse-edge  oscillations.  This  is  clearly  shown 
in  Fig.  ^.2b  where  the  rf  output  was  filtered  through  a  low-pass  filter 
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Relative  amplii  ude  Relative  amplitude 


a — RF  output  pulse 
without  filter. 


b--RF  output  pulse 
with  4100  Mc/s 
low  jpass  filter. 


ime 


(l^r/riv.) 


c--Input  rf  pulse. 


with  a  cutoff  frequency  of  4100  Mc/s.  It  can  be  seen  that  the  higher 
passbeuid  oscillation  at  ^640  Mc/s  is  filtered  out,  and  the  remaining 
spikes  are  the  oscillations  of  the  lower  passbeuid.  Figure  4.2c  shows 
the  wavefornK  obtained  directly  from  the  input  end.  Note  that  one  can 
see  both  the  incident  rf  pulse  and  the  reflected  oscillations  though 
the  directional  coupler.  Compared  with  Fig.  42a,  these  waveforms  show 
some  discrepancies.  An  obvious  <xie  is  that  the  higher  passband  oscillatiai 
does  not  appear  in  the  input  end  of  the  tube.  This  means  that  the  oscil- 
laticMi  exists  in  the  output  section  of  the  tapered  tube  only.  Another 
discrepancy  is  that  the  pulse-edge  oscillations  appear  with  different 
shapes  when  viewed  from  different  ends  of  the  tube.  This  is  because  the 
oscillation  pulse  contained  many  frequencies  cuid  the  tube  amplification  is  a 
function  of  frequency.  That  is,  the  beam  modulation  by  these  oscillations 
by  the  rest  of  the  tube  are  both  different  for  different  frequencies.  In 
addition,  the  coupling  throu^  the  directional  couplers  is  also  a  function 
of  frequency.  The  osciUaticxis  observed  from  the  output  end,  i.e.,  the 
amplified  oscillaticxis,  therefore  apiieared  with  different  shapes  than 
those  observed  from  the  input  end  of  the  tube.  However,  when  the  oscil¬ 
lation  frequencies  were  carefully  measured,  it  could  be  found  that  when¬ 
ever  there  was  a  frequency  at  the  output  end,  the  same  frequency  could 
always  be  found  simultaneously  at  the  input  end  at  exactly  the  same 
relative  position  on  the  voltage  pulse,  i.e.,  at  the  same  beam  voltages. 

In  other  words,  the  oscillations  observed  from  the  two  ends  of  the  tube 
were  actually  the  same  oscillations  since  they  were  of  the  same  frequencies 
at  the  same  beam  voltages  and  appeared  at  the  two  ends  of  the  tube 
simultaneously.  The  middle  section  of  the  tube,  as  meni:ioned  in  Chapter  III, 
was  designed  short  enough  such  that  no  independent  oscillations  could 
build  up  ‘.here,  as  can  be  shown  both  from  theoretical  computations  and 
from  earlier  empirical  results  of  untapered  tubes  built  with  the  same 
unta.iered  cavities.  Therefore,  from  the.se  data  and  from  the  reasoning 
given  in  Section  B  of  this  chapter  the  pulse-edge  oscillations  could 
only  exist  in  the  input  section  of  the  tapered  tube. 

Unlike  the  one-sever  tube  case,  the  pulse-edge  oscillations  existing 
in  the  input  section  could  no  longer  be  stopped  by  adjusting  the  available 
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The  beam  tran-srucsior. 


during  norrUi^  operatic:,  uas  abour  8.  bcrcer.t  A  typical  focusing  field 
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ry  coripari.'.g  f;  :  ;'easured  input  section  oscillation  f requencic.''  and 
their  corresponding  bear  voltages  to  the  jr-d  diagram  of  untapered 
caviti‘:>s.  it  was  found  t.njt  such  o.scillations  appeared  to  be  the  backward- 


wave  oscillat:  o:;S  e;-;( 


for  t;.c  nieh  spike  closest  to  tne  center  of  the 


pulse  whlcn  is  due  to  tr.c  :'or-'ard-vave  interaction  nature  as  discussed 
in  Chapter  II 

Tne  circuit  length  oi  the  output  section  is  nearly  1  cn  longer  than 
the  input  section,  and  tr.c  leading  in  the  output  section  is  also  lower 
than  that  of  t.ae  ir.put  S'..ctio:i  Kence^  if  untapered  cavities  are  used 
in  the  output  section,  the  output  section  will  certainly  oscillate.-  simply 
because  the  input  section,  wnich  is  shorter,,  has  been  shown  to  be  unstable 
Such  oscillations  if  ‘.i.'-^y  exist,  can  be  ea-ily  distinguished  from  those 
of  the  input  section  tecaure  o:  the  differences  in  circuit  length  and 
other  circuit  pnrar.eters  as  mentioned  before,  the  starting  oscillation 
conditions  in  the  input  and  output  section.s  are  different-  If  the  in¬ 
dependent  oscillsticnc  do  exist  in  the  two  sections,  they  are  most  likely 
to  start  at  different  beam  voltag'^s  which  means  they  will  appear  at 
different  locations  cn  the  pulse  edges,  and  will  occur  at  slightly  dif- 
rere..t  fro-iuenci'- s 


iiokcver,  tnir  phenomenon  vas  not  obsf’rved  from  the  tapered  tube 
altnough  careful  measurements  were  made  in  an  effort  to  detect  it  Hence, 
the  only  otiicr  possible  cause  for'  the  lack  of  independent  oscillations 
in  the  output  section  i.  tinat  the  gain  is  too  low  in  the  output  section 
If  ^.nis  were  true,  tr.c  starting  current  for  oscillation  would,  of  course, 
be  higher  The  ;orward-wave  gain  in  uhe  output  section,  on  the  contrary, 
is  better  than  that  in  the  ur, tapered  case  Tnoreforc,  it  is  concluded 
that  tne  lack  of  pulse-edge  oscillations  in  the  output  section  of  the  tube 
ir  actually  due  to  tr.«  ofi'-c*  oi’  circuit  taperir.g 
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The  sketch  and  the  curve  sliare  the 
same  horizontal  scale  and  are  carefully 
measured  in  both  cases.  However^  the 
radial  scale  is  arbitrary  and  not  in 
proportion. 
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operation  conditions  of  120  kV 


Compared  with  th^  tl.eorotical  resoltG  obtained  in  Chapter  II,  it  can 
be  seen  readily  tnat  tne  experimental  results  agree  well  with  the  predic¬ 
tions  snown  in  that  chapter,  The  method  used  to  estimate  the  start  oscil¬ 
lation  conditions  for  backward-wave  oscillation,  though  an  approximate  one, 
can  be  seen  from  the  above  results  to  be  effective  in  predicting  the 
stability  of  a  tapered  tube 

The  higher  passband  oscillation  at  a  fixed  frequency  of  ^6k0  Mc/s,  as 
mentioned  earlier,  was  stronger  in  the  two-sever  tube  than  it  was  in  the 
single-sever  tube  This  is  because  by  the  addition  of  the  middle  section 
the  forward-wave  gain  in  the  tube  at  this  frequency  was  also  improved. 
Hence,  this  oscillation,  which  possibly  was  due  to  forward-wave  inter¬ 
action  and  reflections,  could  no  longer,  of  course,  be  eliminated  by  simply 
adjusting  the  magnetic  field,  Fortunately  such  an  oscillation  did  not 
exist  in  the  presence  of  an  rf  signal  pulse;  it  also  could  be  filtered  out 
by  a  blOO  Mc/s  low-pass  filter.  Therefore  no  serious  interference  had 
been  caused  by  such  oscillations  in  the  measurement  of  a  low  passband 
tube  performance  such  as  power  measurement  during  pulse,  efficiency,  etc. 
However,  this  oscillation  did  cause  some  inconvenience  in  measuring  the 
collector  current  since  it  loaded  the  beam  so  much  that  it  changed  the 
beam  transmission  to  the  collector.  A  typical  waveform  of  the  collector 
current  under  such  a  situation  is  shown  in  Fig  b.b.  The  figure  was  drawn 
from  a  photograph  taken  for  a  beam  voltage  at  120  kV.  The  ripples 
indicated  by  1  and  that  on  other  parts  of  the  waveform  are  due  to  dc 
circuit  pick-up  Those  indicated  by  2  and  3  are  due  to  the  pulse-edge 
oscillations  at  the  input  section  of  the  tube.  Those  indicated  by  b  and 
5  are  due  to  the  higher  passband  oscillations.  The  middle  one  indicated 
by  6  is  due  to  the  input  rf  signal  pulse,  and  the  dotted  line  indicates 
the  possible  xinmodulated  waveform. 

2 .  Gain  and  Efficiency  Measurement 

One  of  the  most  interesting  characteristics  of  the  linearly  tapered 
tube  is  the  sudden  increase  in  slope  ol  the  power-out  vs  power-in  charac¬ 
teristic  as  the  input  power  was  increased  to  what  is  normally  the  nonlinear 
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FIG.  1^.4— Collector  pulse  waveform  with  beam 
voltage  at  120  kV. 
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region  in  an  untapered  tube.  Figure  4.5  shows  a  family  of  such  charac¬ 
teristics  obtained  from  the  linearly  tapered  tube  for  different  frequencies 
at  a  beam  voltage  equal  to  120  kV.  It  can  be  seen  from  this  figure  that 
for  frequencies  below  the  synchronous  frequency  the  tube  behaves  as  a 
lineeu*  amplifier  until  about  1  db  below  saturaticai,  where  it  abruptly 
becomes  saturated  as  the  drive  increases  further.  For  mid-band  frequencies, 
the  characteristics  show  a  sudden  increase  in  slope,  or  equivalently,  eui 
increase  in  gain,  when  the  drive  power  is  increased  such  that  the  output 
power  is  about  ^  db  below  maximum  power.  For  slightly  higher  frequencies 
this  effect  becomes  more  noticeable.  At  a  typical  frequency  of  306O  Kc/s, 
as  can  be  seen  in  the  figure,  the  increase  in  gain  has  its  maximum  value 
at  the  point  of  inflection  of  2.3  db  above  the  small -slgneil  value  which  is 
approximately  33  db  However,  for  higher  frequencies  the  small-signal 
gain  is  so  low  that  the  available  drive  power  is  not  enough  for  observing 
this  increase,  although  it  is  expected  to  behave  in  a  slmllEu*  fashion. 

On  the  other  hand,  at  lower  frequencies,  the  small-signal  gain  is  so  high 
that  a  small  increment  in  gain  could  not  easily  be  detected.  For  higher 
beam  voltages,  this  phenomenon  is  still  exhibited  but  with  higher  satura¬ 
tion  output  power.  For  beam  voltage  at  I30  kV  and  11*^0  kV,  the  power -out 
vs  power-in  characteristics  obtained  from  the  tube  are  shown  in  Figs.  4.6 
and  4.7,  respectively  It  can  be  seen  from  this  figure  that  the  fre¬ 
quencies  for  the  maximum  gain  increase  are  shifted  to  lower  values  and 
the  magnitude  of  the  maximum  gain  increase  is  changed  slightly.  For 
instance,  at  a  beam  voltage  of  llO  kV,  the  highest  gain  increase  occurs 
at  3020  Mc/s  with  a  magnitude  of  2.7  db.  The  shift  in  frequency  can  be 
readily  understood  from  the  dispersion  characteristic  of  the  tapered 
circuit  since  at  higher  beam  voltages  the  synchronous  frequency  shifts  to 
lower  values 

These  results  agree  closely  with  the  theoretical  estimations  shown 
in  Section  C,  Chapter  II.  For  mid-band  frequency  at  306O  Mc/s  an  optimum 
gain  increase  of  2.7  db  s  expected  from  a  theoretical  point  of  view. 
However,  in  the  actual  tapered  tube,  the  maximum  gain  increase  was 
measured  to  be  2  3  db  at  120  kV  beam  voltage  The  difference  is  only 
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the  rrsJl-cigr.al  gain  at  tnic  frequenc;.'.  Tnerefore, 

ChTCter  II  for 
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it  ic  believed  that  the  approxirsting  ajetrod  ueed 
•'  ■"iriating  thir  •=ff«ct  if  quite  reliable 

In  order  to  connare  tr.eoe  rerults  witr.  tr.ooe  of  uniforsi  circuit 
tube.",  u'ir.g  a:,  identical  circuit,  tut  not  tapered  in  thei  output  section, 


he 


^sult.:  are  normalised 


r.aturation  values  and  plotted  in 


decibel:  in  Fig  b  ior  a  bear:  voltage  of  121  kV  It  can  be  seen  that 
gnal  operation  the  normal ined  output  power  is  a  linear  func- 
rut  power  over  a  wide  dynamic  rar^ge  The  nor- 


nion  of  t 


normaiioea 


malised  cnaracterl.':tic  curve  for  a  rmail-signal  operation  will  be  a 
straight  line  witn  a  slope  of  unity  since  the  :.ormali.':ed  input  and  output 
always  nave  the  sasae  increment  'when  t.he  drive  power  is  increasing  the 
characteristic  reaches  the  nonlinear  region  If  the  gain  in  this  region 
is  lower  than  that  in  sTra.ll- signal  operation,  the  slope  of  the  charac¬ 
teristic  curve  will  be  less  than  unity  and  the  curve  will  go  below  the 
original  -5  degree  line  Conversely,  if  the  gain  is  hi^er  in  the  non¬ 
linear  region,  the  characteristic  curve  will  have  a  slope  greater  than 
unity  and  will  lie  above  the  ^5  degree  line.  For  a  frequency  of  2920  Mc/s 
the  characteristic  curve  (which  is  typical  of  those  obtained  at  frequencies 
below  the  midcand  frequency)  gradually  bends  below  the  -5  degree  line  when 
the  input  power  increases  ceyond  the  small-signal  values  This  curve  shows 
a  close  resemblance  to  that  Detained  from  an  untapered  tube  built  by  the 
General  Electric  Microwave  Laboratory'  with  identical  -ontapered  cavities 
It  will  be  noted  that  the  output  characteristic  of  the  GE  tube  has  a  non¬ 
linear  region  beginning  at  5  Qb  below  saturation  output  power,  while  the 
tapered  tube  shows  a  noticeable  departure  from  linearity  only  acout  1  db 
below  saturation  At  a  frequency  of  3000  Mc/s  the  tapered  case  shows  an 
increase  in  gain  beginning  about  5  db  below  the  saturation  point  of  the 
output  power  The  maximum  increase  in  gain  in  this  case  is  about  0  8  db 
For  a  frequency  of  3^60  Mc/s  the  increase  in  gain  is  even  higher,  having 
a  veilue  of  2,3  db  and  beginning  about  A  db  below  output  power  saturation 
It  is  important  to  note  that  in  all  three  cases  the  tapered  tube 


requires  a  muen  siaaller  drive  power  charg'^  in  order  to  bring  the  tube 
from  the  lir'.enr  region  to  the  point  of  saturation  than  did  the  GE  tube 
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FIG.  .8--NormaIized  power  character l«MC6  with  beam  volta^’c  at  i?0  kV.  Both  the  input 
and  the  output  powers  are  normalized  to  their  saturntlcn  levelo. 


..Ich  requi.—'i  a  variation  ot  about  15  -b.  Thin  effect  is  especially 
.'.oticeab'.e  at  the  higher  frequencies  where  nerely  doubling  the  drive  power 
.  rings  tne  tune  fror;  the  linear  region  to  cc!r.p-.ete  saturation. 

Alternatively,  the  total  gain  of  the  tapered  tube  Is  plotted  vs  input 
rf  power  for  three  different  frequencies  in  Fig.  n.9.  The  manner  and  the 
amount  of  gain  increase,  as  well  as  the  corresponding  rf  drive  levels  at 
■'nese  frequencies,  is  clearly  shown  i  figure. 

A  plot  of  saturation  power  output  as  a  function  of  frequency  at  a 
beeuE  voltage  of  120  kV  is  shown  in  Fig.  h.lO.  The  naximuE  power  output 
obtained  was  2  MW  at  '^200  Mc/s  with  e  3  db  bandwidth  of  12.2^.  The 
efficiency  based  on  the  cathode  ciirrent  is  22.3  percent,  but  since  the 
rear,  trar.ssission  is  poor,  the  efficiency  based  on  collector  current  is 
:  robabiy  more  realistic,  and  is  about  26  percent.  The  actual  ove  sssl 
efficiency  should  be  somewhere  between  these  two  values,  probably  26  per¬ 
cent.  Results  obtained  at  higher  beam  voltages,  namely  I3C  and  llO  kV, 
indicate  a  continuous  increase  in  saturation  power  output.  For  these  two 
voltages,  the  maximum  output  power  increased  up  to  2.5  MW  and  3*2  MW, 
respectively,  with  the  center  frequency  shifting  slightly  to  a  lower  value. 

The  bandwidth,  however  remains  nearly  constant  for  all  cases.  The  efficiency 
is  believed  to  be  slightly  increased  also,  ar  the  voltage  is  raised,  but 
the  collector  current  is  difficult  to  measure  due  to  the  presence  of  the 
\.pper  passband  oscillations.  The  saturation  power  output  for  beam  voltage 
at  1^  kV  is  plotted  as  a  function  of  frequency  in  F.ig.  ^.11.  The  center 
frequency  can  be  seen  to  be  20  Mc/s  lower  than  that  at  beam  voltage  of 
120  kV.  For  highei  beam  voltages  the  power  output  is  increased  even  more, 
but  the  measurement  was  limited  by  the  capacity  of  the  cathode  seal  to 
withstand  the  higher  pulse  voltages.  Also,  as  the  voltage  was  raised 
the  higher  passband  oscillations  become  stronger  and  were  more  difficult 
to  drive  out  with  the  rf  drive;  hence,  no  further  data  were  taken. 

D.  CONCLUSIONS 

In  the  present  and  previous  chapters,  it  has  been  shown  both  theoretically 
and  experimentally  that  by  properly  tapering  the  slow-wave  structure  of  a  travelxi. 
wave  amplifier  the  long  persistent  problem  of  pulse-edge  oscillations  G£r.  be 
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figure  4,10  -  Saturation  power  versus  frequency  for  beam  voltage  at  120  kV. 


FIG.  U.9-.  Total  gain  vs  Input  power  with  frequency 
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eiir.ir.ci'cd  widhou*  cth-r'.-w;  .  deieiv.-icu^Zy  adfcctlr-g  tr.e  amplifies's 
perf or:r:a:.ce  ry  comparing  too  Pneorcoi cal  predictions  ani  the  experimental 

results.,  close  agreement  is  t’cu:.!  bet'-een  tl.em  From  such  close  agreement, 
one  ca:.  see  that  the  metnods  used  ir.  Chapter  II  in  predicting  the  performance 
of  the  tapered  tube  are  veil  justified  These  methods  provide  convenient 
ways  for  designing  tapered  traveling-wave  tubes  and  also  provide  insight 
as  to  the  operation  of  a  tapered  circuit 

Similarly,  the  forward-wave  ampli: 1  cation  a.  moderate  input  power 
level  is  shown  to  oe  consideracly  improved  For  lower  end  frequencies 
in  the  passband,  such  improvement  tends  to  extend  the  linear  portion  of 
the  power-out  v.  powrr*in  curve  And  at  the  mid-band  frequencies,  the 
gain  at  moderate  i,.pju-  p.Owsu  level  is  greater  tr.an  the  small-signal  gain 
These  changes  on  the  power-out  vs  power-in  curves,  enable  the  tapered  tube 
to  be  used  in  some  special  applicataons .  As  mentioned  previously,  both 
these  cnanges  are  unattainaoie  by  the  untapered  tubes  Moreover,  the 
empirical  results  obtained  from  the  experimental  tube  are  in  close  agreement 
with  the  prediction  made  in  Chapter  II  Thi.''  means  that  the  method  used 
in  Chapter  IT,  though  an  approximate  one,  is  quite  capable  of  giving  a 
good  prediction  and  a  decent  interpretation  of  the  operation  of  the  tapered 
circuit  in  this  input  power  range. 

As  can  be  seen  from  the  foregoing  results  in  this  chanter,  the  efficiency 
of  this  experimental  tube  is  about  the  same  as  that  of  the  untapered  tube. 

This  is  because,  as  mentioned  before,  the  circuit  tapering  on  the  forward- 
wave  amplification  region  is  purposely  made  small  so  any  effect  on  the 
efficiency  of  the  tube  wa.s  not  evident  From  a  comparison  of  thi  '  tube 


with  tapered  tubes  elsewhere it  is  believed  that  if  the  tapering  in  Uie 
forward-wave  region  can  be  made  larger  and  more  rapid,  the  tube  efficiency 
should  also  be  improved  For  the  clover-leaf  slow-wave  circuit.,  it  is 
relatively  simpler  to  make  tapering  larger  and  more  rapid  For  instance, 
instead  of  keeping  the  0-mode  frequency  fixed,  one  may  let  it  decrease; 
then  at  the  lower  end  frequencies  of  the  passband  there  will  bn  quite  a 
large  circuit  tapering  However,  as  stated  in  Chapter  11,  if  a  taper  is 
properly  designed  for  improving  tube  efficiency,  it  should  have  a  sroi"  • 


rate  of  tapering,  a  proper  starting  point  of  the  taper,  etc.  But,  all 
these  factors  are  a  function  of  frequency  and  circuit  parameters.  There¬ 
fore,  a  taper  may  be  proper  for  some  frequencies  in  the  passband  but  may 
not  necessarily  be  adequate  for  other  frequencies.  To  date,  no  optimum 
taper  design  for  improving  efficiency  has  been  found.  Nevertheless,  as 
mentioned  in  Chapter  II,  several  aathors^^^  have  delved  far  into  this 
field,  and  many  results  have  been  accumulated.  It  is  believed  that  from 
these  en5)irical  results  a  set  of  universal  curves  for  designing  a  proper 
taper  to  inqjrove  efficiency  is  possible  to  obtaini  by  sinqply  using  proper 
normalization.  For  instance,  the  length  of  the  taper  may  be  normalized 
to  the  electron  wavelength,  such  that  the  same  curve  can  be  used  for 
different  frequencies  and  beam  voltages,  etc.  Since  this  report  is  mainry 
concerned  with  the  elimination  of  pulse-edge  oscillations,  no  further 
investigation  has  been  made  in  this  direction. 

Th(.  experimental  tapered  tube  used  for  this  study  has  been  shOTn 
to  have  the  effects  of  eliminating  the  pulse-edge  oscillations  and  of 
improving  the  amplifications  at  moderate  input  power  level  simultaneously. 

It  is  interesting  to  know  whether  one  can  design  a  taper  which  can  also 
improve  the  tube  efficiency.  To  the  author,  it  appears  to  be  that  one 
can  either  improve  the  amplification  and  stability  or  improve  the  efficiency 
and  stability.  The  reason  is  that  to  improve  efficiency,  the  tapering 
must  be  quite  rapid.  Under  this  conditic.i,  the  gain  in  the  tapered  cavity 
will  be  decreased  drasticailly,  such  that  no  noticeable  amplification 
improvement  can  be  obtained  even  if  the  average  electron  velocity  is 
decreased  in  the  taper  region  as  the  input  power  is  increased. 

In  this  paper,  only  the  clover-leaf  slow-wave  structure  was  considered. 
However,  the  results  are  believed  to  be  adaptable  immediately  to  other 
types  of  circuits.  But  in  some  slow-wave  circuits  the  work  involved  in 
achieving  a  practical  taper  is  sometimes  tremendous,  as  was  learned  by 
the  author  in  working  with  other  slow-wave  structures. 

^^^See  Chapter  II,  Section  D. 
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APPEIIDIX 


EVALUATION  OF  SMALL  SIGNAL  PARAMETERS 
OF  TEE  LTIIEAPLY  TAPERED  TRAVELING-K.4VE  AMPLIFIER 


From  the  measured  oi-P  diagram  showo  in  Fig.  2.12  and  the  frequency 
perturbation  results  shown  in  Fig.  3‘-.  two  sets  of  email-signal  parameter 
computations  are  performed  for  the  untapered  cavities  and  the  last  cavity 
of  the  linear  taper.  The  parameters  computed  are  those  introduced  by 
J.  R.  Pierce,  and  the  procedure  used  is  summarized  briefly  in  the  following 
paragraphs . 

By  definition,  Pierce's  gain  parameter,  C  ^  is  given  by 


^0 


2B^  P  hv 


0 


(A.l) 


2 

where,  Z  =  E  /2s‘'p  is  the  interaction  impedance,  and  Iq/4Vq  is  the 
beam  admittance. 

By  using  the  perturbation  method,  the  interaction  impedance  of  a 

circuit  can  be  determined  empirically  by  measuring  the  frequency  shift 

29  30 

when  the  axial  E-field  is  perturbed  by  a  known  subject.  '  In  our 
measurement,  a  0.100  in.  diameter  sapphire  rod  witu  dielectric  constant 
of  10.3  is  used  to  perturb  the  axial  E-field,  and  the  results  are  shown 
in  Fig.  3.S. 

The  conversion  equation  used  to  compute  the  interaction  impedance 
frcm  the  measurement  results  ir 


(A. 2) 
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where  tsft  is  the  nonsalized  freruency  perturbation  by  the  sapphire  rod, 
E  is  the  aoplitude  of  the  fundamental  forward -wave  component,  r^  is  the 
radius  of  the  sapphire  rod,  F  is  the  correction  factor  for  the  rod,  euid 
D  is  the  space  harmonic  factor  with  the  form  of 


2  2 

The  last  [l^Cyr)  -  Ij^(7r)]  term  is  the  averaging  factor  over  the  whole 
beam  cross  area,  where  I^Cyr)  and  I^(7r)  are  zero-  and  first-order 
modified  Bessel  functions. 

Equation  (A. 2)  is  derivable  from  the  perturbation  equation 


where  e  =  dielectric  ccHistant  of  the  rod, 

€q  =  dielectric  constant  of  free  space, 
E  =  total  axial  E- field, 

=  energy  stored  in  the  cavity,  and 
A  =  cross  section  area  of  the  rod. 
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where  u»  is  tr^  relativistic  electron  velocity,  v  is  the  circuit  chase 
0  P 

velocity,  and  C  is  the  gain  parameter.  The  results  are  plotted  vs 
frequency  in  Fig.  A. 2.  It  can  be  seen  tnat  the  values  of  b  increase  as 
one  proceeds  from  the  first  to  the  last  section  of  the  taper  as  expected. 

In  Fig  A..3>  tne  space-charge  parameter,  QC  ,  is  shown  vs  frequency 
which  is  obtained  by  the  following  equation  under  the  same  assumptions  as 
in  computing  the  above  parameters. 


1  -f  O)  /o) 

q 


(A.  7) 


where  is  the  reduced  plasm  frequency  calculated  from  the  plasma 

frequency,  a.  ,  and  the  reduction  factor  is  obtained  from  Mihran 
.  ^  32 

and  Branch  s  paper  by  assuming  B  =  2 
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gain  parameter 


FIG  A.  1 — C  vs  frequency. 
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fig.  a. 3--b  vs  frequency. 
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I 


With  the  accrue  .-arameters,  one  can  fine  the  parameter  from 

Birdsall  and  Ereuer't  panlished  resalts.  It  is  seen  tnat  b  =  5^  x  , 
tne  gain  per  section  (Bc/sectionJ  can  be  obtained  as  shown  in  Fig  A  ^ 
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